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ABSTRACT

Contrast-enhanced spectral mammography (CESM) is being implemented to overcome the limitations of conven-
tional mammography where tumor visualization is obstructed by overlapping glandular tissue. CESM exploits
the spectral properties of a contrast agent by subtracting two images one obtained above and other below the
K-edge energy. The most common approach requires dual-exposure where two images are obtained with differ-
ent incident spectra. However, this comes at the expense of increased patient dose and susceptibility to motion
artifacts. We propose the use of photon counting spectral detectors to simultaneously obtain multiple images
with single-exposure. This is demonstrated using a wide area CdTe Medipix3RX detector to acquire images of
iodine contrast agent in an anthropomorphic breast imaging phantom. The electronic thresholds in the detector
replace the traditional physical filters. Our results show single-exposure CESM for the detection of iodine with
concentrations as low as 2.5 mg/mL of a 10 mm diameter target in a 5 cm thick heterogeneous background. These
results demonstrate the viability of photon counting detectors for low dose contrast-enhanced mammography.
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1. INTRODUCTION

Digital mammography (DM) has become the number one tool for effective cancer screening. The sensitivity and
specificity of DM is heavily dependent on the density of the breast.!'? One of the primary challenges in DM is
to enhance the visibility of unhealthy tissue, tumor and microcalcifications, which can be hidden by the overlap
of adjacent healthy, glandular and adipose, in the breast!.? Also, the small difference in x-ray linear attenuation
coeflicient between tumor and breast tissue has led to novel methods to enhance the tumor.

Dual energy subtraction methods are performed to enhance the visualization of low contrast objects through
the removal of the background. The method exploits the K-edge of a contrast agent, such as iodine, to produce
a contrast-enhanced image in mammography.*” In conventional dual energy imaging, the high and low energy
images are acquired above and below the contrast agent’s K-edge. This is done to maximize the difference in
signal from the contrast agent, and minimize the difference in signal from the breast background. Typically, the
process involves high and low kVp exposures and the use of physical filters to reduce spectral overlap. However
this increases the dose to the patient. An example of two kVp exposures that potentially could be used for dual
energy imaging is shown in Fig. 1.

Clinical examinations uses energy integrating detectors that are unable to differentiate higher energy photons
from lower energy photons, resulting in sub-optimal results.® An experimental set-up proposed for single-shot
acquisition is to utilize flat panel dual-layer detectors,” and to reduce the dose. The front layer absorbs primarily
low-energy x-ray photons while the rear layer absorbs primarily high-energy photons. Depending on the type
of the dual-layer detector, complete spectral separation might be insufficient,'?>!! as some high energy photons
would be detected by the front layer and vice versa.

Energy resolving detectors are being considered for the contrast-enhanced mammography as they can measure
the two images above and below the K-edge simultaneously.” These detectors have been also been investigating
other applications such as phase contrast,'? material decomposition!® and CT. We propose and demonstrate
the use of electronic energy thresholds in a photon counting spectral detectors (PCD) in lieu of physical filters,
thereby potentially allowing a single exposure contrast-enhanced mammography. Our results are demonstrated
using a photon counting detector with CdTe sensor. This phantom study utilized three different iodinated
concentrations with a CIRS Model 020 BR3D Breast Imaging Phantom.

For further information, Email: mdas@uh.edu
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Figure 1: Dual spectrum for contrast-enhanced y \ -~
mamography. Figure also shows the NIST linear Figure 2: Experimental Phantom. From left to
attenuation of iodine, adipose and glandular tissue. right: 10, 5, 2.5 mg/mL Iodine with CIRS breast
phantom as background.

2. MATERIALS AND METHODS
2.1 Materials

The images were acquired using a micro-focus x-ray tube (L8121-03) from Hamamatsu with a Tungsten anode.
A 50 kVp beam with an additional 0.25 mm Al filter was used as it is within the clinical mammography and
general radiographic x-ray energy ranges.!? The tube loading used was 15 mAs. The contrast agent for this study
was iodine as its K-edge falls within the energy range used for clinical mammography. Three concentrations of
iodine were used: 10, 5 and 2.5 mg/mL. Each concentration was housed inside of a cylindrical container of radius
of 10.53 mm. An anthropomorphic breast phantom from CIRS was used as background with a total thickness
of 5 cm, which is the average breast size.'® Each slab contains two tissue equivalent materials mimicking 100 %
adipose and 100% gland tissues together in an approximate 50/50 ratio by weight. Fig. 2 shows a picture of the
phantom. The source-to-sample and sample-to-detector distances were 40cm and 5cm respectively.

2.2 Image Acquisition

A wide area photon counting detector was used for the experiments. The Widepix detector ( ADVACAM s.r.0,
Prague, CZ) is composed of an array of five CdTe Medipix3RX units, with an effective size of 256x1,280 pixels
with a 55 ym pitch. The sensor is 1000 pm thick. It is operated in charge summing mode (CSM) for charge sharing
correction. When operated in spectroscopic mode, the effective pixel pitch is 110 pm. In spectroscopic mode,
up to 4 energy thresholds can be simultaneously utilized by the detector to gain spectral information. These
thresholds correspond to incident photon energies and dictate the minimum energies necessary for photons to
trigger counts in the detector. Our recently proposed robust energy calibration technique was used to determine
these threshold energies. '

Photon counting detectors use electronic energy thresholds to discriminate photons based on their energies.
For a given threshold, incident photons whose energies lie below the threshold energy are not registered as
counts in the detector. By setting a threshold, the user can collect all the photons with energy higher than the
corresponding threshold. By scanning the threshold in this way, one obtains an integral spectrum (Fig. 3a).
This integral mode data can be differentiated to obtain true counts corresponding to each threshold or to that
of smaller energy bins, producing an X-ray spectrum (Fig. 3b).

Detailed spectroscopic mode acquisition and effective attenuation are given in Eqn. 4, 5 and 6. The unat-
tenuated intensity I;", or the flat-field, for the integral energy threshold F; is described by

kVp
E) = [ e®)DE)E, o
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(a) Measured integral spectrum obtained of the X-ray (b) Differential spectrum of the X-ray tungsten source
tungsten source anode using the Widepix detector. anode using the Widepix detector.
Figure 3

where ®(E) is the photon flux, D(E) is detector response function. In our application, F; will correspond to
either the low or high threshold energies.

And the attenuated intensity from some object, I*™, is given by
) kVp
) = [ e IO e pE)a, 2)
E;

where p(E) and T are the linear attenuation coefficient and thickness of the target.

Similarly, the unattenuated intensity I;7°“ for the spectral or binned energy threshold Ej, is described by

IP(Ey) = I{"(E;) — I (Big) (3)
= [ ®(E)D(E)dE (4)

and the resulting attenuated intensity for the spectral data follows the same description

IP°C(B)y) = /Ei+1 e_fﬂ(E)qu,(E)D(E)dE, (5)

E;
The effective linear attenuation was calculated by using the equation:

1 I7e(E)

Aspec(Ey) = — = In

7" () o

For our particular experiment, the resulting iodine-only subtracted image, Spg is obtained by using the
weighted logarithmic subtraction method.

S = _ip I3 4 R [P (7)

In which I; and I, represent the flat-field corrected low and high energy binned images respectively. In this
paper, the weighting factor R is experimentally determined to remove the breast imaging phantom background.
The optimal weighting factor R is defined!” as:
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Figure 4: Effective attenuation graph for the 10 and 5 mg/mL iodinated phantoms and the breast imaging
phantom (BIP).

Fib,h
s (8)
In which /7, is the estimated attenuation of the average breast background of the high and low bin images.
However, full cancellation may not be achievable due to the multiple tissue types present in the background of
adipose and glandular tissue with slightly varying attenuation properties.

The figure of merit chosen to evaluate the dual energy subtracted images was the signal to noise ratio (SNR).
The equation is given as:

spec _ gspec
SNR — DE,c DE.b (9)

[ 2 2
OpE: T DR

where o represents the noise for both the iodine contrast and breast imaging phantom background. Spg is the
mean signal from the iodine contrast and the breast imaging phantom as defined in eqn 7. The iodine signal for
the 10 mg/mL vial and noise were measured using a R.O.L. of 101 x 19 pixels, where the thickness is relatively
constant. The R.O.I. for breast imaging phantom signal and the noise had a size of 101 x 39 pixels.

3. RESULTS

In order to maximize the K-edge contrast, ideally two monochromatic sources would be required. However in
practice, we work with polychromatic sources in clinics. The experimentally measured K-edge for 10 and 5
mg/mL iodine is shown in Fig. 4. Instead of having a sharp discontinuity, the K-edge response spans several
keVs due to the detector’s limited energy resolution. Similarly, for decreasing concentrations of iodine, the K-
edge signal is diminished. Thus making K-edge subtraction a challenge to locate the K-edge and properly place
the high and low energy bins for the subtraction.

The importance of selecting the appropriate energy bin combinations would affect the final contrast-enhanced
subtracted image. Assuming a perfect cancellation of the background, as seen on Fig. 4, since the measured
linear attenuation of the breast imaging phantom is relatively constant in the spectral range of 15-45 keV. The
SNR would be only dependent on signal difference Spg . from the average iodine linear attenuations from the
high and low energy bin (Eq. 9). Based on our experiments, it was determined the optimal placement for the
high energy bin should be above the K-edge, around that of 35 keV.

Similarly, the placement and size of the low energy bin would affect the measured SNR. It has been shown that
images obtained by utilizing a narrow energy window will feature maximum contrast but large noise. Images
obtained with a wide energy bin will feature high statistics, and hence low noise, but poorer contrast.!® In
general, depending on the placement and/or bin width of the low energy image, with the high energy bin image’s
position close to the K-edge, a local maximum SNR can be found for that particular combination.
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Figure 5: (a) Single 50 kVp + 0.25 mm Al spectra depicting the spectrum split for the low (red) and high
energy (blue) images. (b) Effective attenuation graph highlighting optimal low and high energy combinations.

For our experiment, Fig. 5a represents graphically the split of the spectrum with the bin position and bin
size of the high and low energy bins. The low energy bin is the size of 28-35 keV, with a width of 7 keV, with its
mean energy of 31.7 keV. The high energy bin size is from 35-44 keV, with a width of 9 keV with a mean energy
of 36.6 keV. Similarly, Fig 5b shows the mean attenuation graph with the corresponding optimal high and low
energy bins.

Only one acquisition of the low and high energy images was performed by setting the appropriate thresholds
from SNR measurements for the 10 mg/mL iodine contrast. Both low and high energy images were acquired
with a 30 second collection time each. Fig. 6a is the logarithmic flat-field corrected low energy image with a
median filter of kernel size of 5x5 was applied. The glandularity striations can be observed across the iodine
vials. We observe that the three varying concentrations of iodine show the same attenuation intensities due
to the distribution of glandular/adipose on the breast slabs in certain regions (Fig. 6b). Thus, the weighted
logarithmic subtraction (Eqn. 7) is applied. The optimal weighting factor R was experimentally measured for
each breast region. An average weighting factor R of was determined to be 0.82 using the method described in
Eq. 8 to cancel out the breast tissue.

It is known the resulting subtracted image would have higher noise compared to the high and low energy
images.® To mitigate the noise, a similar median filter was applied to the high energy image. The weighted
logarithmic subtracted image is shown in Fig. 7a after additional Wiener filter was applied. The SNR measured
was found to be 4.3, 2.88, 1.68 for the for the 10, 5, and 2.5 mg/mL iodine respectively.

The optimal weighting factor R effectively removed the overlapping glandularity from the image. Only
regions containing the iodine contrast are shown, thus indicating only areas without iodine uptake were removed.
Observing Fig. 7b, we see the average breast background is zero. We are now able to qualitatively differentiate
the different concentrations of iodine. In particular, for the 2.5 mg/mL Iodine concentration in which a weak
K-edge signal is expected.

4. CONCLUSION

In conclusion, we demonstrated the first preliminary results showing feasibility of a single-shot contrast enhanced
mammography. A Widepix CdTe photon counting detector in spectroscopic mode acquisition was used to obtain
these results. In addition, the electronic thresholds in the spectral detector served as bin separating filters in this
study. For our experiment, down to 2.5 mg/mL of iodine was identified in our study with an anthropomorphic
breast phantom. This concentration is below the minimum iodine concentrations of 3 to 4 mg/mL which have
been found reasonable for tumor uptake, assuming a 10 mm thick tumor.

These preliminary results points to the feasibility of low dose contrast-enhanced mammography with a Wide-
pix CdTe detector. The results will be compared against conventional dual energy imaging via simulations and
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Figure 6
(a) Logarithmic flat-field corrected low energy image. Visible are the glandular striations. 1) 2.5
mg/mL, 2) 5 mg/mL, 3) 10 mg/mL Iodine.
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phantom studies for dose and image quality. In addition, we will be comparing our results using a clinical
mammography tube and the WidePix detector.
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