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Purpose: An estimated 377 million diagnostic and interventional radiological exams are performed
annually in the United States and approximately 4 to 5 billion globally. All use x-ray tubes that emit
x-rays over a broad energy band, a technology that is more than a century old. Only a small fraction
of the radiation is useful for imaging while the remaining fraction either increases the radiation dose
received by the patient or degrades the image. Monochromatic x-rays can provide lower dose images
in many of these radiological applications while maintaining or improving image quality. We report
the development of the first monochromatic x-ray source suitable for low-dose, high-quality imaging
in the clinic and demonstrate its first application and performance with mammography phantoms.
Methods: X-ray fluorescence was used to generate monochromatic x-rays with selectable energies
from 18 to 60 keV. This patented technology was incorporated into a laboratory prototype of a
monochromatic x-ray mammography system. Image quality was evaluated as a function of radiation
dose in standard breast phantoms using the signal-to-noise ratio (SNR) measured for high and low
contrast masses and microcalcifications. Spatial imaging properties were assessed from these images
as well as from modulation transfer function (MTF) analysis. Measurements using an iodine contrast
agent were also performed. The results were compared to those obtained using a commercially avail-
able, conventional x-ray mammography system.

Results: Our prototype system reduced radiation dose by factors of five to ten times for the same
SNRs as obtained from the conventional system. This performance was demonstrated in phantoms
simulating a wide range of lesion sizes and microcalcifications in a variety of breast thicknesses. The
high SNRs for very thick breast phantoms provide evidence that screening with less breast compres-
sion is possible while maintaining image quality. Contrast-enhanced digital mammography (CEDM)
with monochromatic x-rays was shown to provide a simpler and more effective technique at substan-
tially lower radiation dose. The MTF value at 20% was 9 Ip/mm.

Conclusions: The monochromatic x-ray system is more sensitive for imaging a wide range of breast
sizes and compositions than conventional broadband mammography. High image quality and lower
dose are its hallmarks. It also makes CEDM much more effective than current methods developed for
use with conventional broadband mammography systems. © 2020 American Association of Physi-
cists in Medicine [https://doi.org/10.1002/mp.14677]
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1. INTRODUCTION

An estimated 377 million diagnostic and interventional radio-
logical exams are performed annually in the United States.'
All use x-ray tubes that emit x-rays over a broad energy band,
a technology that is more than a century old. Scientists have
utilized different spectral filtering strategies to shape this
broadband Bremsstrahlung spectrum in efforts to remove x-
rays that do not contribute to the image formation, degrade
image quality, and increase the radiation dose received by the
patient. Dose reduction is important because recent studies
show that many patients receive multiple imaging exams
resulting in cumulative radiation doses at which radiation
damage is known to occur.>”

A monochromatic source of radiation for use in the clinic
would reduce the dose and, if capable of providing selectable
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energies, could optimize the signal-to-noise (SNR) of the
image and may help to spectroscopically determine in vivo
the chemical composition of tumors and surrounding tis-
sue.’™ M To date, research studies demonstrating the advan-
tages of monochromatic x-ray imaging have been carried out
primarily using either large synchrotron facilities or tradi-
tional broadband x-ray tubes.'*™'® For examples, experiments
with crystal monochromators'> coupled to synchrotrons con-
cluded that energies between 20 and 26 keV are optimal for
breast imaging. Compared to measurements with conven-
tional systems, these investigations showed that dose reduc-
tions of about six times could be achieved at 22 keV for a
5 cm thick phantom while maintaining comparable SNR.
Higher throughput monochromators using multilayer struc-
tures instead of conventional Bragg crystals offer possibilities
of monochromatic imaging using conventional broadband
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x-ray sources instead of synchrotrons. Measurements with
multilayers that produce monochromatic lines at 18 and
21.5 keV are described in the literature.'® In particular, nar-
row band emission centered at 21.5 keV showed a 12-fold
reduction in dose on a 4.5 cm thick breast phantom compared
to that obtained using a tungsten-based x-ray tube while
achieving 1.85 times improvement in the SNR. The system
used for the latter experiments also demonstrated a spatial
resolution of 7 Ip/mm as defined by the 10% level of its mea-
sured MTF."”

Neither of these technologies are suitable for general use
in the clinic. Synchrotrons are large, expensive, shared
research facilities, and crystal/multilayer monochromator sys-
tems coupled to standard x-ray tubes cannot produce an x-ray
beam with a sufficiently large field-of-view and intensity for
routine clinical imaging. Rather, they require scanning the
monochromatic, fan-shaped beam to image a large field-of-
view.

We have developed a prototype x-ray tube with a properly
shaped, monochromatic x-ray beam suitable for many medi-
cal imaging tasks and extensively tested its imaging charac-
teristics in mammography phantoms.

2. MATERIALS AND METHODS

2.A. The monochromatic X-ray tube*
2.A.1. Design and spectral characteristics

The design of our monochromatic x-ray tube is schemati-
cally shown in Fig. 1. Bremsstrahlung and characteristic line
emission from a conically shaped anode made of gold-coated
tungsten fluoresce a compact target. These targets take the
form of solid cones or single or double, thin-foil cones. An
example of the fluorescence spectrum emitted by a compact
target of tin (Sn) is shown in Fig. 2. It consists of two
monochromatic emission lines, one very strong Ko line at
25.27 keV and a much weaker K line at 28.49 keV. The
voltage between the cathode and anode was 80 kV in this
example. The spectrum was measured with a Cadmium Tel-
luride photon counting detector'® with a thickness of 1 mm
and an area of 25 mm?. A 2 mm thick tungsten disk with a
1 mm diameter aperture was placed over the detector to limit
the count rate and maintain the acquisition dead time to
<2%. The energy spectrum was calibrated with a series of
radioactive sources spanning the 6 to 88 keV range. The
energy resolution at 25 keV is about 0.75 keV.

We define the percent monochromaticity, M, as the com-
bined integrated energy of the Ko and Kp lines divided by
the integrated energy in the entire spectrum and multiplied by
100. The tube generates x-rays with a monochromaticity of
95% or higher. For the tin target, as shown in the inset in the
top right of Fig. 2, only a small amount (~4%) of the anode

*Note that the word fube is used when discussing the device in tech-
nical terms and the word source is used when the device is discussed
in conjunction with the imaging system.
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bremsstrahlung spectrum reaches the detector, and the mea-
sured monochromaticity was 96%.

2.A.2. Input power and intensity of monochromatic
X-rays

The shape, size, and mass of the stationary anode are ideal
for high power applications. Electrons liberated from the tor-
oidal cathode travel along trajectories that terminate on the
anode in a locus of points that maps out an annulus. This rel-
atively large area distribution of electrons minimizes local-
ized electron heating in the anode. The current version of the
source operates continuously at a total input power of 1.6 kW
with a power density on the anode of 400 W/cm?. For com-
parison, modern high power rotating anode conventional x-
ray tubes operate with at least input power densities 16 times
higher. The stationary anode is easily water cooled to main-
tain its temperature within the range of 20-30°C. The tube
housing is 34 cm long and 11 cm in diameter and has been
engineered to fit into a cylindrical package that can be easily
contained in the volume of existing commercial mammogra-
phy systems.

In addition to the input power, the monochromatic flux is
governed by the surface area of the conical fluorescence tar-
get and its absorption efficiencies for the incident Brems-
strahlung radiation and the escaping fluorescent x-rays. The
conical base diameter and peak height determine the surface
area and the effective spot size. Together with the source-to-
detector distance, these parameters influence the ultimate
spatial resolution of the imaging system which is discussed
below. For fixed input power, there is usually a tradeoff
between flux and spatial resolution and depends on the speci-
fic imaging application. For the mammography studies
described in this paper, a single, conical foil target with base
diameter of 4 mm, height of 7.45 mm that is truncated to a
height of 5.5 mm (apex angle of 30 deg), and thickness of 35
microns was used. The conical foil is inverted with its apex
directed to the interior of the tube. This orientation and thick-
ness optimizes the absorption of the incoming broadband
continuum x-rays while minimizing the absorption of the
escaping fluorescent x-rays.

Referring to the spectrum in Fig. 2, the combined inten-
sity of Sn Ko and Kp is 3.5 x 10" keV/cm?*/mAs at the center
of the relatively flat emission profile shown in Fig. 3. The
source-to-detector distance is 76 cm which is used for all of
the imaging measurements discussed below. This line flux
represents the total photon counts in the respective Sn Ko
and Kp peaks shown in Fig. 2. The combined strength of the
two lines is used for imaging and for brevity will be referred
to by their Ko energies in the text below.

It is instructive to point out that these monochromatic
line intensities are consistent with estimates of the line flux
expected from the tube. Briefly, the efficiency, €, for
Bremsstrahlung production in a thick target for an incident
electron beam is approximately V x Z x 107° , where V is
the accelerating potential in kilovolts, and Z is the atomic
number of the thick target.’® e equals 6.3 x 107 for the
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Fic. 1. A three-dimensional section of the prototype monochromatic x-ray generator. A toroidal cathode at negative HV emits electrons that are guided by elec-
tron optics along trajectories, shown schematically in dark blue, that end on the inside surface of the conical primary target (anode). Broadband bremsstrahlung
x-rays from the conical primary target, shown schematically in white, pass through a beryllium window that seals the vacuum enclosure from atmospheric pres-
sure. These x-rays interact with the conical secondary metal target to produce fluorescence x-rays with the desired monochromatic energy. [Color figure can be

viewed at wileyonlinelibrary.com]
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Fic. 2. The fluorescence spectrum from a target of tin (Sn) emitted by the
prototype. The monochromaticity is 96%.

80 kV potential used to accelerate the electrons in this
example and Z = 79 for the gold anode. Consequently, the
1.6 kW of input power dissipated in the anode by the
20 mA electrons produces 10 W of Bremsstrahlung radia-
tion. The solid angle subtended by the thin foil tin cone at
the anode is approximately 0.14 steradians. Only Brems-
strahlung photons above the tin absorption edge at 29 keV
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Fic. 3. The orthogonal emission profiles.

are useful for inducing x-ray fluorescence in the thin foil
cone and represent about 16% of the Bremsstrahlung emis-
sion with an endpoint energy of 80 keV according to our
modeling of the broadband spectral distribution. On aver-
age, the probability that these Bremsstrahlung photons are
absorbed in the 35-micron-thick tin foil cone and produce
monochromatic tin fluorescence photons which escape the
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Fic. 4. Additional examples of monoenergetic fluorescent x-ray lines used for imaging. Top left: molybdenum (Mo); top right: palladium (Pd); bottom left: silver

(Ag); bottom right: neodymium (Nd).

foil is estimated to be 17% for x-ray energies between 29
and 80 keV. This estimate is based on our own calcula-
tions and is similar to those for higher energy Bremsstrah-
lung spectra.’’ Accounting for these factors and the
fluorescence yield for tin of 0.88 means that 0.038 W or
2.4 x 10" keV/s of energy in the Sn K lines are emitted.
The flux at the detector is therefore 1.4 x 10% keV/cm?/
mAs for 20 mA. This approximation is consistent with our
measurement of 3.5 x 107 keV/cm*/mAs to within a factor
of 4, as well as with the value of 3.8 x 10’ keV/cm*/mAs
obtained with a Monte Carlo simulation that we developed
to optimize the design of the x-ray tube.
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The monochromatic energy can be selected by changing
the material of the fluorescence target. Molybdenum, palla-
dium, silver, and antimony generate similar monochromatic
fluxes and all are potentially useful in mammography. Three
of these are displayed in Fig. 4 and their energies are listed in
Table I. Higher energy monochromatic fluxes can be gener-
ated using acceleration voltages >80 keV and with target
materials such as neodymium, samarium, dysprosium, tung-
sten, and gold. Their energies are also listed in Table I and
the spectrum from a neodymium target is displayed in Fig. 4.
The tube allows for easy manual exchange of the secondary
target to select the monochromatic energy because the target
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TaBLE I. Examples of potential elements and their respective K x-rays that
can be fluoresced.

Energy (keV)

Element (Z) Kal Kp1
Molybdenum (42) 17.48 19.61
Palladium (46) 21.18 23.82
Silver (47) 22.16 24.94
Tin (50) 25.27 28.49
Antimony (51) 26.36 29.73
Neodymium (60) 37.36 42.27
Samarium (62) 40.12 45.41
Dysprosium (66) 45.99 52.12
Tungsten (74) 59.32 67.24
Gold (79) 68.8 77.98
Uranium (92) 98.43 111.3
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Fic. 5. The modulation transfer function measured with silver K x-rays.
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is located outside the vacuum of the x-ray tube. Automated
target replacement is under development. The tube technol-
ogy has received a number of international patents.”* !

2.A.3. Prototype mammography system

A laboratory prototype mammography system has been
assembled using the monochromatic x-ray source and a
24 % 30 cm® amorphous selenium detector with 85 micron
pixel pitch®® at a distance of 76 cm from the source. The
imaging properties of the system were assessed by measuring
the effective spot size, the modulation transfer function
(MTF) and by imaging a standard 4.5 cm thick breast phan-
tom. The effective projected spot size of the fluorescence tar-
get was determined to be ~3 mm by imaging the
monochromatic source through a 25 micron pinhole in a
tungsten disk placed at 1/3 of the distance to the imaging
detector.

The MTF was measured using a variant of the opaque
edge test originally suggested by Illers et al.>® and for-
mally adopted by the IEC Standards Committee in the
Standard IEC 62220-1 published in October 2003.** The
MTF for the monochromatic system is shown in Fig. 5.
The value of 0.2 at 9 lines/mm is comparable to commer-
cial systems with direct detector systems and better than
flat panel detectors.”> This is further substantiated by
measurements of line-pair resolution as shown in Fig. 6.
The figure shows intensity scans through line-pair targets
embedded in the 4.5 cm thick phantom. The spacing of
the line-pair targets ranges from five lines per millimeter
up to ten lines per millimeter in the Figure. The top 4
figures show that the grayscale profiles for 18, 21, 22,
and 25 keV energies can discern alternating intensity
structure up to nine lines per millimeter which is consis-
tent with a spatial resolution FWHM of 110 microns.
The 18 keV energy can still discern structure at ten lines
per millimeter. The bottom profile in Fig. 6 is the grays-
cale intensity scan through the same line-pair ensemble
using a commercial broadband mammography system.”
Its ability to discern structure reaches eight lines per mil-
limeter.

2.B. Phantom studies with a laboratory prototype
system

Imaging measurements of four breast phantoms were
taken with the prototype monochromatic system and with a
commercially available mammography system for compari-
son.>” The images represent the raw grayscale data recorded
by the detector in each system and only incorporate detector
electronics and system flat-field corrections. In addition to
comparing the spatial imaging quality, we also used the SNR
as the appropriate metric to compare the detectability of the
two instruments. For the SNR estimates reported throughout
this paper, SNR = (Nb —Nm)/c, where Nb and Nm are the
integrated gray counts in n pixels of the background and n
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FiG. 6. The line-pair resolution of the monochromatic source measured at various monochromatic energies and for a broadband commercial system.

pixels of the embedded feature of interest; ¢ is the standard
deviation of the integrated gray count values in the back-
ground.

The SNR was estimated for thick, high contrast step
wedges in a 4.5 cm thick CIRS*® Model 011a phantom while
the 4.1 cm thick CIRS Model 086 ACR (American College
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of Radiology) Digital Mammography Accreditation Phantom
was used for comparing performance on thin, low contrast
masses. We simulated 7.1 cm and 9 cm thick compressed
breasts by stacking three, 1 cm thick, soft tissue-equivalent
slabs on top of the Model 086 phantom and also by stacking
a 4.5 cm thick CIRS Model 015 Mammographic Accredita-
tion Phantom on top of the CIRS Model 011a. Measurements
using an iodine contrast agent were also performed and we
compared the spatial resolution properties of each system by
imaging simulated microcalcifications composed of Al,O3,
CaCOj; and precision glass spheres. All measurements with
the monochromatic prototype were conducted without an
antiscatter grid.

For conventional broadband mammography, conversion
factors derived from Monte Carlo simulations of breast mod-
els that relate the incident radiation flux to the glandular dose
are widely used for estimating the mean glandular dose
(MGD).*7™* The differences in doses reported by the most
common simulations can vary by as much as 19%.** This
variability is inherent in the MGDs reported by different ven-
dors of mammographic systems who choose to use one set of
factors over another in their algorithms. For the comparison
images from the conventional, broadband mammography sys-
tem, we used the MGD provided in its DICOM (Digital
Imaging and Communications) header. All of the measure-
ments with the conventional machine used a rhodium anode,
a 50 micron rhodium filter and incorporated a reciprocating
antiscatter grid with a pitch of 36 lines per cm and 5:1 grid
ratio. The specific operating parameters (e.g., kVp, emission
current, etc.) are indicated for each image below.

Several Monte Carlo studies can predict the MGD for inci-
dent x-rays with an arbitrary spectral distribution."~* These
are particularly useful for estimating the MGD for the
monochromatic x-ray spectra produced by our system. We
have corroborated that the MGD values predicted by the sim-
ulations are consistent with our analytical methods and those
used for measurements made with monochromatic beams
produced with synchrotron sources to within 15%.'*"

3. RESULTS

3.A. SNR comparisons in thin and thick breast
phantoms

3.A.1. High contrast masses

Images of a 4.5 cm thick CIRS 0l1a breast phantom (50%
glandular: 50% adipose equivalent) obtained with the proto-
type system using monochromatic x-rays at 22 keV (silver)
and 25 keV (tin) and with the conventional unit are shown in
Fig. 7. This phantom includes 1 cm thick step wedges (shown
vertically) of differing simulated breast densities ranging
from 100% adipose to 100% glandular. For these flat, rela-
tively large area uniform step wedges, we chose an area of
5 mm X 5 mm to calculate the SNR.

The SNR measured by the conventional mammography
system for the 100% glandular block was 403 for a mean

Medical Physics, 48 (3), March 2021

1070

glandular dose of 1.26 mGy at 29 kVp. A slightly higher
SNR was measured, 460-500, with the monochromatic pro-
totype, and the doses and exposure times were estimated to
be 0.27 mGy (14 s) at 22 keV and 0.23 mGy (14.5 s) at
25 keV. For equal SNR to the conventional unit, the
monochromatic doses would drop to 0.18 mGy (9.3 s) and
0.17 mGy (11 s) for the 22 and 25 keV images, respectively,
an ~85% reduction.

The advantage of monochromatic x-rays becomes even
clearer when we consider imaging thick breasts. Using the
9 cm compressed breast phantom described above (ACR
Model 18-222 + CIRS Model 0l11a), Fig. 8 shows the image
from the conventional system with a SNR of 138 for the
100% glandular block at a dose of 2.75 mGy at 30 kVp. Our
monochromatic system, by comparison, obtained a SNR of
364 at a dose that is 4.2 times lower, only 0.65 mGy (100 s).
The SNR was estimated for a 3.8 X 3.8 mm area to avoid
blemishes and a crack in the wax insert of the CIRS Model
015 phantom on top of the CIRS Modell O11a. The SNR of
the prototype is 749 when extrapolated to the conventional
system dose of 2.75 mGyj; it is ~5 times higher than the SNR
(138) of the conventional system. To equal the monochro-
matic performance at 2.75 mGy, the required dose from the
conventional system would be 2.75 x (749/138)> = 81 mGy
since the dose scales with the square of the SNR.

3.A.2. Low contrast masses

The CIRS Model 086 ACR phantom was used for imaging
studies of low contrast masses. This phantom approximates a
4.1 cm thick compressed breast and combines a 4.1 cm thick
slab of PMMA (polymethyl methacrylate) (50% glandular:
50% adipose equivalent) with a 0.7 cm thick wax insert
which contains a variety of test objects that simulate tissue
fibers (nylon monofilaments), microcalcifications (glass
spheres), and thin, low contrast lesions (masses of 10% adi-
pose: 90% glandular equivalent).

We compared images from both the conventional and
monochromatic system over a range of doses. Exposures of
1.31 and 3.62 mGy were taken with the conventional system.
Images were taken with the monochromatic system at 0.53,
1.3, and 3.45 mGy using the Ag (22 keV) target and 0.55,
0.83, 1.1, and 2.2 mGy using the Sn (25 keV) target. In
Fig. 9(a), we show the 3.62 mGy conventional image com-
pared to the 0.55 mGy Sn monochromatic image.

The fibers, microcalcifications, and low contrast lesions
are observable in both images. To quantify the comparisons
for the low contrast lesions outlined in the dashed yellow
rectangles, the SNR is plotted in Fig. 9(b) for the range of
radiation doses used in the experiments. The exposure times
are also listed in the legend of Fig. 9(b) for each measure-
ment. The conventional system requires 4.5 times the dose
for the 1 and 0.75 mm thick lesions and six to eight times the
dose for the lesions with thicknesses of 0.5 to 0.2 mm to pro-
duce the same SNR as that of monochromatic system.

The monochromatic system also demonstrates superior
SNR at lower dose for low contrast masses in a 7.1 cm thick
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CIRS Phantom 50% Glandular, 50% Adipose with Embedded Features

Conventional
Mammogram

SNR =403

Meonochromatic 22 keV

Monochromatic 25 keV

SNR = 500 SNR = 460
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0.27 mGy (14 s)

Mean Glandular Dose

0.23 mGy (16.6 s)

Fi. 7. A 4.5 cm thick breast phantom imaged with a conventional mammography unit and with 22 and 25 keV monochromatic x-rays from our prototype. The
SNR for the 100% glandular step wedge is calculated for the 5 mm X 5 mm square outlined in black. [Color figure can be viewed at wileyonlinelibrary.com]

CONVENTIONAL BROAD BAND

MGD = 2.75 mGy
2.5 sec

30 kVp 61 mA
SNR =138

MGD = 0.65 mGy
100 sec
SNR =364

Fic. 8. Images of a 9 cm composite breast phantom made with the conven-
tional unit and the prototype monochromatic x-ray system at 25 keV. The
SNR is estimated for the 3.8 mm X 3.8 mm squares outlined in black in the
100% glandular step wedge.

breast phantom. Images for the conventional system were
acquired at doses of 2.0 and 3.6 mGy and for the monochro-
matic system at 0.43, 0.89, 1.45, and 2.9 mGy as shown in
Fig. 10. Comparing the conventional broadband system at
3.6 mGy to the monochromatic instrument at 0.89 mGy, the
broadband machine requires four times the dose to equal the
monochromatic SNR for lesion thicknesses from Imm to
0.38 mm and five to six times for the 0.25 and 0.2 mm thick
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lesions. The monochromatic system demonstrates a factor of
4.65 reduction in dose over the full range of thicknesses when
comparing its SNRs at 0.43 mGy to those at 2 mGy for the
broadband instrument.

3.A.3. Microcalcifications

Figure 11 compares the monochromatic system perfor-
mance at 25 keV with the conventional mammography sys-
tem for CaCO; microcalcifications with diameters of 400,
270, and 230 pm, respectively, in the 4.5 cm thick phantom.
The grayscale profiles represent the measured intensities
along the yellow lines drawn through two microcalcifica-
tions of the 400 and 230 um ensembles and show the
absorption of the CaCO; specs relative to the background.
The peaks in each grayscale profile were fit with a Gaussian
distribution plus a baseline. The FWHM of each Gaussian
distribution is noted by the horizontal arrows on both sides
of the peaks and is a measure of the spatial resolution. The
image size of the nominal 400 micron diameter microcalci-
fication is identical for both systems, whereas the image
diameter of the nominal 230 micron microcalcification is
10% larger for the monochromatic system compared to the
broadband unit. The MGD and the SNR for each set of
images are also given. If the MGD for the monochromatic
images is increased to the value of the broadband system
(1.26 mGy), the corresponding SNR for the 400 and
230 pum microcalcifications would increase by ~2.2 times to
194 and 71, respectively, 2.5-3 times the SNR of the broad-
band system.

Figure 12 shows a similar comparison of the monochro-
matic and conventional systems for 230 um CaCO;
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FiG. 9. (a) Images of the 4.1 cm ACR 086 phantom obtained with the conventional unit at 3.62 mGy (top) and the prototype using 25 keV x-rays at 0.55 mGy
(bottom). (b) The signal-to-noise ratio of the simulated low contrast lesions measured with the prototype (solid symbols) and the conventional unit (open sym-

bols) for a range of doses. [Color figure can be viewed at wileyonlinelibrary.com]
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The signal-to-noise ratio of the simulated low contrast lesions measured with the prototype (solid symbols) and the conventional unit (open symbols) for a range

of doses.

microcalcifications in a 9 cm thick phantom. The monochro-
matic SNR value of 24 is 1.6 times larger than the SNR for
the conventional unit, but the monochromatic SNR is
obtained at 0.65 mGy. If the monochromatic MGD is
increased to the 2.75 mGy delivered by the conventional unit,
the SNR would be 49, 3.3 times that of the conventional unit.
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Imaging the glass spheres in the ACR 086 phantom fur-
ther illustrates the potential diagnostic capability of the
monochromatic system. Images of a series of spheres with
diameters decreasing from 330 pm to 170 are shown in
Fig. 13. The SNRs measured by the monochromatic proto-
type for these simulated microcalcifications are similar to
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Fic. 11. The intensity profiles of 400 micron and 230 micron diameter CaCO5 microcalcifications in the Model Olla, 4.5 cm phantom measured by the broad-
band system and the monochromatic prototype at 25 keV. The spatial resolution is defined by the FWHM of the Gaussian distribution fit to the peaks. The sig-
nal-to-noise ratio of the prototype at 25 keV is also compared to the conventional unit. [Color figure can be viewed at wileyonlinelibrary.com]

those of the conventional system but imaged at 4.4 times
lower dose. Similar improved performance is demonstrated in
Fig. 14 for the 7.1 cm thick phantom. Images of the glass
spheres are compared between the conventional system at
3.6 mGy and the monochromatic system at 1.45 and
2.9 mGy for the 170 and 330 pm diameter spheres, respec-
tively. The SNR values are shown in the top bar chart. The
bottom bar chart extrapolates the dose that the conventional
unit would require to equal the SNR achieved by the
monochromatic system at 2.9 mGy. The conventional unit
doses would be 17 and 13 mGy for the 170 and 330 pm
diameter spheres, respectively.

3.B. Contrast enhancement

In contrast enhanced digital mammography (CEDM) as
currently practiced with broadband systems, a contrast agent
is usually administered to the patient prior to image acquisi-
tion with low energy (e.g., 26-32 kVp) and a high energy
spectra (e.g., 4549 kVp). The low energy image is sub-
tracted from the high energy image. This dual energy subtrac-
tion technique improves the detection of contrast agent
features but at the cost of adding extra noise to the image and
increasing the total dose.*
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Contrast enhanced digital mammography with monochro-
matic x-rays can be performed in two different ways that
reduce the radiation dose compared to conventional proce-
dures. The simplest technique that also delivers the lowest
radiation dose is shown in Fig. 15(a). We display an image of
a portion of the same 4.5 cm breast phantom shown in Fig. 7
obtained at 25 keV (Sn K), but at a dose of only 0.057 mGy.
There are five drops of Oxilan 350,*° an FDA-approved
iodine contrast agent superimposed on the phantom in 15a.
The grayscale profile to the right of the image is the measured
intensity along the horizontal yellow line and shows the rela-
tive absorption of the leftmost three drops. The respective
detection SNRs are noted.

Since the measurements in Fig. 15 are monochromatic, we
can directly determine the average column density of the
iodine. As per the nomenclature used above to calculate the
SNR, the fraction of x-rays, A, absorbed by each drop, equals
(Nb — Nm)/Nb and the transmission through each drop is
1-A. The data in Fig. 15(a) yield an average column density
for the three cases equal to ~4.5 mg/cm?®. At this low dose,
the monochromatic system could detect iodine with a column
density of 0.34 mg/cm® with a SNR = 3. A column density
of ~0.1 mg/cm® could be detected with a SNR =3 by
increasing the dose to 0.65 mGy.
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Fic. 13. The signal-to-noise ratio of the monochromatic prototype at 0.83 mGy compared to the conventional unit at 3.62 mGy for 330, 280, 230, 200, and 170
micron diameter SiO, simulated microcalcifications embedded in the 4.1 cm ACR086 phantom. [Color figure can be viewed at wileyonlinelibrary.com]

As mentioned above, subtracting an image with the same
monochromatic spectrum but without contrast yields the dif-
ference image shown in Fig. 15(b). Although the SNR for the
iodine detection in the subtracted image is reduced, the abso-
lute contrast is unchanged and the background variations in
the phantom structure have been eliminated. While this sim-
ple subtraction technique could potentially reduce tissue
structure fluctuations and remove them from the iodine
image, it is probably impractical as a clinical technique since
it is likely difficult to accurately reposition the breast after it
is decompressed for injection of the contrast agent.
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Figure 16(a) shows the estimated contrast from 4 mg/cm?
iodine in a single image as a function of monochromatic x-
ray energy. As expected, the highest value is obtained using
the 37 keV from a neodymium fluorescence, which is above
the K-absorption edge of iodine and is an option for future
measurements.

Dual energy subtraction using monochromatic x-rays can
offer significant contrast improvements under the proper con-
ditions. For different monochromatic energies, Fig. 16(b)
shows the expected contrast using the dual energy technique,
where a 4.5 cm compressed breast is prepared with a 4 mg/
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cm? jodine contrast drop and imaged above the iodine con-
trast edge with Nd x-rays at 37 keV and below the edge with
a variety of monochromatic x-ray energies. Note that contrast
values are dependent on the quantum absorption efficiency,
QE, of the imaging detector for the two energies used in the
measurements. Figure 16(b) depicts curves labeled, 50% and
85%. The calculations for the QE value of 50% correspond
to the efficiency at 37 keV of the 200 micron thick amor-
phous selenium detector used in our mammography system.
Under these conditions, the expectation that the highest
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contrast would be obtained by subtracting an image taken
with an energy immediately below the 35 keV iodine absorp-
tion edge such as Sb (26 keV) or Sn (25 keV), where the QE
is greater than 85%, is not correct nor is it much of an
improvement over the contrast obtained with a single energy
at 37 keV as shown in Fig. 16(a). Only subtracting an image
obtained at a lower energy such as 22 keV from Ag where
the absorption is dominated by the breast tissue rather than
the contrast agent, does the contrast from the dual energy
subtraction dramatically improve. However, as the QE of the
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detector at 37 keV increases to 85%, the dual energy contrast
performance at 25-26 keV also increases.

4. DISCUSSION

The performance advantages of our prototype mammogra-
phy system stem from its ability to produce a monoenergetic
X-ray spectrum at a selectable energy, and we expect that the
extensive range of selectable monochromatic energies also
enables CT, fluoroscopy, and other radiological imaging
applications. The prototype produces uniform, wide field-of-
view images with high image quality at low dose, all within
the footprint of existing conventional mammography systems.
The image comparisons above show that this monochromatic
technology can reduce the radiation dose by a factor of five to
ten times while still providing better image quality.

It is reasonable to assume that the comparisons of image
quality between our monochromatic mammographic system,
which uses the direct a-Se Analogic detector with 85 micron
pixel pitch and the GE mammography machine, which uses
an indirect a-Si CsI detector, are not limited, to first order, by
the use of either detector type. Although the limiting resolu-
tion afforded by an 85 micron pixel is superior to a 100
micron pixel, its perceived advantage is likely less important
that the SNR of the individual detector. This is evident by the
comparable spatial resolution displayed in the images dis-
cussed above. It is better, therefore, to compare the detective
quantum efficiency, DQE, of the detectors as a function of
spatial frequency and radiation dose because the DQE
accounts for the MTF response, the photon quantum effi-
ciency and the intrinsic noise of the detector.
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Comparisons of the DQE for each type of detector are
found in the literature®”*® Suffice it to say that the DQE of
both detector types are similar (~50-65% at 1 lp/mm) and
(30% at 5 Ip/mm). We have performed a few measurements
of the DQE for our a-Se detector and obtained similar results.
Methods to optimize the scintillator layer of the a-Si-CsI have
also been described that would increase the DQE for the a-Si-
Csl by at least 15% over these values. A potentially more
important finding is that the DQE of the indirect a-Si-Csl
detector is superior at lower radiation dose compared to the
direct a-Se imager.*® This implies that monochromatic imag-
ing studies using the indirect a-Si-Csi detector instead of the
direct a-Se detector would further improve current perfor-
mance of our monochromatic system.

Presently, the exposure times for these imaging studies are
relatively long, especially for imaging thick breast tissue.
They serve as benchmarks for ongoing work that will increase
the monochromatic flux, thereby reducing image acquisition
time. A tube with at least ten times higher power is already
designed and under development. It will use the same
34 cm X 11 cm cylindrical volume as the 1.6 kW tube since
the majority of the space is needed for the high voltage con-
nection. As mentioned earlier, the geometry of the large sta-
tionary anode is ideal for higher power applications because
the electron beam power is distributed over a large area in an
analogous way to that of a rotating anode in a high power
conventional tube. In addition, the stationary anode elimi-
nates the cooling issues associated with heat removal through
a rotating shaft. We anticipate that 1-10 s exposure times will
be achieved with this tube. The design also incorporates the
ability to pulse the electron beam.
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Further intensity increases in monochromatic flux are
available by increasing the surface area of the fluorescence
target. Conical targets with base diameters of 8 mm have
been tested extensively and deliver about 2.2 times the flux,
but the effective spot size increases by about a factor of 2.
For the 76 cm source—detector distance used in our experi-
ments to date, the spatial resolution degrades by about 30%
for 250 micron diameter microcalcifications. Of course,
reducing the source—detector distance to 660 mm as in con-
ventional mammography machines would immediately
increase the flux by 33% while only degrading the spatial res-
olution by 5%. We point out that the present capability to
image 4.5 cm compressed phantoms within 10-30 s is
already compatible with tomosynthesis in this time frame
using point-and-shoot scans which distribute the total dose
among the individual angular measurements.

These powerful capabilities add substantial benefits and
new options for screening dense and thick breasts and for
diagnosing difficult cases involving small tumors or other
unresolved features. They will potentially allow screening
with significantly less compression while preserving detec-
tion sensitivity, thus improving patient comfort and hopefully
lead to improved compliance with annual screening guide-
lines.

The diagnostic use of monochromatic x-ray mammogra-
phy can potentially reduce unnecessary, negative biopsies
and replace more expensive follow-up technologies such as
MRI and MBI (Molecular Breast Imaging). As described
above, monochromatic x-rays provide the ideal technology
for CEDM. Contrast agents enhance the x-ray absorption in
suspected lesions relative to the surrounding tissue, thereby
increasing image detail and enabling visualization of cancers
that are otherwise extremely difficult to detect. CEDM is
receiving increased attention especially in the screening of
women at high risk of developing breast cancer and as a diag-
nostic tool when anomalies are seen in routine screening
mammograms*>** Monochromatic x-rays provide very high
sensitivity iodine detection in a single image at a low radia-
tion dose. The dose in the CEDM test discussed here is only
0.057 mGy, demonstrating that monochromatic Xx-rays
enhance the potential for widespread use of CEDM while
substantially reducing radiation exposure. Furthermore,
monochromatic x-rays could enable dynamic studies of the
rate of contrast uptake by the lesion and surrounding tissue
since several images can be taken in succession while still
keeping the total dose at acceptable levels.

Radiation risk is an important consideration in all imaging
using ionizing radiation. Although the latest report of the
United Nations Scientific Committee on Effects of Atomic
Radiations (UNSCEAR) is not available, indications are that
the global use of x-ray exams is around 4 to 5 billion annu-
ally, up from 3.6 billion in 2008. The breast is one of the
most radiosensitive organs in the human body and conse-
quently, the International Commission on Radiological Pro-
tection (ICRP) increased the tissue weighting factor for the
breast from its moderate category of 0.05 to its most sensitive
category of 0.12, an increase of a factor of 2.4.°° An
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estimated 39 million mammograms are performed in the Uni-
ted States every year, amounting to a collective dose of
14,131 person-sieverts in 2016 alone.' Various authors indi-
cate that the lifetime screening dose itself may cause 1%—2%
additional cases of breast cancer.’' Individuals with large
breasts, those with certain predispositions (BRCA1/BRCAZ2,
family history), and those who started screening at an early
age could have a substantially increased risk for x-ray
induced cancers.>* The factor of 5 to 10 reduction in radiation
dose per mammogram made possible by monochromatic x-
rays will lead to a major reduction in total exposure from
breast cancer screening and a dramatically reduced risk of
radiation-induced cancers in at-risk women.

5. CONCLUSION

While dramatically reducing radiation dose in mammogra-
phy examinations, monochromatic x-rays produce superior
images with enhanced sensitivity. Monochromatic x-rays
used at doses approaching those currently used in screening
by broadband mammography systems offer additional sensi-
tivity if follow-up diagnostics are necessary to image sus-
pected lesions detected during screening. CEDM with
monochromatic x-rays may be another alternative for superior
diagnostic follow-up.
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