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Abstract

Purpose: Clinical use of dedicated breast computed tomography (bCT) requires relatively short 

scan times necessitating systems with high frame rates. This in turn impacts the x-ray tube 

operating range. We characterize the effects of tube voltage, beam filtration, dose, and object size 

on contrast and noise properties related to soft tissue and iodine contrast agents as a way to 

optimize imaging protocols for soft tissue and iodine contrast at high frame rates.

Methods: This study design uses the signal-difference-to-noise ratio (SDNR), noise-equivalent 

quanta (NEQ), and detectability (d´) as measures of imaging performance for a prototype breast 

CT scanner that utilizes a pulsed x-ray tube (with a 4 ms pulse width) at 43.5 fps acquisition rate. 

We assess a range of kV, filtration, breast phantom size, and mean glandular dose (MGD). 

Performance measures are estimated from images of adipose-equivalent breast phantoms 

machined to have a representative size and shape of small, medium, and large breasts. Water 

(glandular tissue equivalent) and iodine contrast (5 mg/ml) were used to fill two cylindrical wells 

in the phantoms.

Results: Air kerma levels required for obtaining an MGD of 6 mGy ranged from 7.1 to 9.1 mGy 

and are reported across all kV, filtration, and breast phantom sizes. However, at 50 kV, the thick 
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filters (0.3 mm of Cu or Gd) exceeded the maximum available mA of the x-ray generator, and 

hence, these conditions were excluded from subsequent analysis. There was a strong positive 

association between measurements of SDNR and d’ (R2 > 0.97) within the range of parameters 

investigated in this work. A significant decrease in soft tissue SDNR was observed for increasing 

phantom size and increasing kV with a maximum SDNR at 50 kV with 0.2 mm Cu or 0.2 mm Gd 

filtration. For iodine contrast SDNR, a significant decrease was observed with increasing phantom 

size, but a decrease in SDNR for increasing kV was only observed for 70 kV (50 and 60 kV were 

not significantly different). Thicker Gd filtration (0.3 mm Gd) resulted in a significant increase in 

iodine SDNR and decrease in soft tissue SDNR but requires significantly more tube current to 

deliver the same MGD.

Conclusions: The choice of 60 kV with 0.2 mm Gd filtration provides a good trade-off for 

maximizing both soft tissue and iodine contrast. This scanning technique takes advantage of the 

~50 keV Gd k-edge to produce contrast and can be achieved within operating range of the x-ray 

generator used in this work. Imaging at 60 kV allows for a greater range in dose delivered to the 

large breast sizes when uniform image quality is desired across all breast sizes. While imaging 

performance metrics (i.e., detectability index and SDNR) were shown to be strongly correlated, 

the methodologies presented in this work for the estimation of NEQ (and subsequently d’) 

provides a meaningful description of the spatial resolution and noise characteristics of this 

prototype bCT system across a range of beam quality, dose, and object sizes.

Keywords

breast CT; iodine contrast; MTF; NPS; spectral optimization; x-ray imaging

1. INTRODUCTION

Dedicated breast computed tomography (bCT) is a three-dimensional imaging modality 

based on x-ray computed tomography that is capable of rendering the internal structure of 

the breast at submillimeter resolution.1–4 Advancements in imaging hardware,3,5 image 

processing,6,7 protocol optimization,8–10 and dosimetry estimation11–13 have improved the 

diagnostic capabilities of bCT, suggesting the possibility of superior detection of mass 

lesions compared to mammography.14 As these systems move into clinical use, practical 

issues such as data acquisition rates and x-ray generator operating ranges become important 

considerations for finding optimal scanning protocols.

Several investigators have examined the selection of optimal kV and filtration combinations 

for dedicated breast CT at various conceptual levels including simulations,10,15–19 benchtop 

systems,8,10,18,20–23 and prototype scanners.9 These studies came to conclusions for optimal 

kV and filtration ranging from 40 to 80 kV, and a variety of filter materials and thicknesses. 

This is to be expected given that the studies had different endpoints (soft tissue, 

calcifications, and iodine-based contrast), different scanner designs, and were conducted 

over a period of time in which imaging systems have changed considerably with hardware 

advancements. Studies investigating imaging performance for soft tissue contrast tended to 

favor lower kV and the performance decreased with increasing kV, while those evaluating 

iodine contrast found optimal performance at 50–60 kV, well above the 33.3 keV k-edge of 

Iodine.
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Dedicated breast CT systems are being considered for a variety of clinical uses in breast 

cancer detection, diagnosis, and treatment monitoring. There is currently one commercial 

bCT product available (Koning Inc., West Henrietta, NY), which has been cleared by the 

FDA for diagnostic use as an adjunct to mammography in the USA. Other prototype 

scanners are being developed and evaluated in clinical trials.5,24 Clinical use places 

important constraints on the x-ray generator as well as other components of the scanner. One 

such constraint is the need to perform a scan in a short period of time to minimize patient 

motion artifacts. Shorter scans necessitate higher data acquisition rates, which in turn 

necessitate higher x-ray tube current. Additionally, pulsed x-ray generators have the 

potential to substantially reduce motion blur from continuous acquisition,5 but these put 

even more emphasis on high tube currents. This trade-off between optimal imaging and 

constraints of the x-ray tube is the motivation for this study.

The primary goal of this work is to carefully consider image quality under the constraints of 

tube power and an appropriate patient dose for high frame rate pulsed x-ray protocols. We 

focus on optimizing image quality for soft tissue contrast, and for contrast-enhanced 

imaging with an iodine contrast agent. These are two areas where bCT has already shown 

great promise.1,14 In the diagnostic setting, accurate depiction of soft tissue and iodine will 

be crucial for discriminating between malignant and benign lesions. This work compares the 

use of Gd and Cu filtration for a range of tube potentials (50–70 kV) for both iodine contrast 

and soft tissue imaging tasks in breast CT using anatomically realistic shaped breast 

phantoms of various sizes. Gadolinium filtration was investigated in this work following 

recent studies by Glick et al. in which they found, using simulations16 and later confirmed 

on a benchtop system,8 that this choice of filtration can significantly reduce radiation dose 

without compromising image quality. The choice of 50 and 60 kV tube potentials is 

consistent with the optimal beam energy range determined by others.8–10,17,22 A tube 

potential of 70 kV was used due to its relatively high output (compared with 50 and 60 kV 

with the same filtration), which reduces the impact of a limited x-ray tube operating range.

Imaging performance is quantified in reconstructed bCT images by means of the signal-

difference-to-noise ratio (SDNR) at specified dose levels and various phantom sizes. We also 

calculate the modulation transfer function (MTF) and noise power spectrum (NPS), which 

are combined into the noise equivalent quanta (NEQ). Noise equivalent quanta are then used 

to compute a detectability index for comparison with SDNR. This allows us to assess the 

extent to which SDNR is associated with detection performance in a specific task. A subset 

of the optimal kV/filter combinations were then used to quantify the dose required to 

produce images of equivalent quality to that of an “average”-sized breast.

2. MATERIALS AND METHODS

2.A. Breast phantoms and contrast materials

Previously reported physical breast phantoms12 were utilized in this work for all imaging 

tasks, dosimetry assessments, and image processing methods. The breast phantoms are 

classified by total breast volume and fabricated from ultra-high molecular weight 

polyethylene (UHMW). This material has a density of 0.941 g/cm3 which is within 2% of 

the density of adipose tissue (0.93 g/cm3). UHMW has been shown to be a satisfactory 
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surrogate material for the adipose component of breast parenchyma9 over the energy ranges 

considered in this work. Three different breast phantoms corresponding to small (226 cm3), 

average (614 cm3), and large (1193 cm3) breast sizes were used in this study and termed the 

V1, V3, and V5 phantoms, respectively — where the “V” denotes that volume was used for 

the classification. Two 15.6 mm diameter wells were machined at a radius of ~20 mm from 

the center of each phantom to a depth of ~60 mm (depending on phantom size) within the 

scanner field of view (FOV) when the phantoms were placed at the scanner isocenter. 

Solutions of distilled water and 5 mg/ml of iodine solution were used to fill each of the two 

wells in the phantom representing surrogate materials for glandular tissue and a contrast-

enhanced lesion, respectively. Serial dilution was used to prepare the iodine solution using 

Visipaque™ and distilled water.

The phantoms used in this study are composed of materials with uniform attenuation 

coefficients that closely match adipose, fibroglandular, and contrast-enhanced tissues in 

breast imaging.9,25,26 Noncontrast breast CT imaging of suspicious mass lesions usually 

involves localizing and characterizing relatively uniform glandular lesions against a uniform 

adipose background, or characterizing lesions as they emerge from a larger glandular region.
1,2 For contrast-enhanced imaging, regions of enhancement typically appear against a 

relatively uniform glandular-equivalent back-ground.14 Therefore, we believe that the 

phantom design in this work using glandular-equivalent and dilute iodine-filled wells in the 

uniform, adipose-equivalent background is a reasonable approximation of the relevant 

attenuators in breast CT imaging.

2.B. X-ray technique selection

The Doheny breast CT scanner can operate at a maximum tube potential of 70 kV. Tube 

potentials of 50, 60, and 70 kV were investigated in this work with Gd filtration based on the 

findings of Glick et al.8,16 In addition, Cu filtration was used for comparison with filtration 

that has been used in clinical breast CT imaging in our laboratory.1,2,14,15 The filtration 

thickness of each material was chosen to minimize the difference in half value layer (HVL) 

as a function of tube potential across the range of filtration materials — considering 

available material thicknesses.

Gadolinium foils 0.1 mm thick were available for use in this study and they helped guide the 

selection of corresponding thickness of Cu. HVL measurements were made using a 0.6 cm3 

thimble ionization chamber (10 × 6–0.6 CT) connected to a model 9060 electrometer and a 

model 9010 readout unit (Radcal Corp., Monrovia, CA, USA). The chamber was positioned 

at the scanner isocenter and the center of the active volume was aligned with the central ray 

of the x-ray beam. HVL measurements in Al were made for 0.3 mm Gd (for consistency 

with Glick et al.) at 50, 60, and 70 kV. Various Cu filtration thicknesses were used to best 

match the measured HVL values for the Gd filter across all three kV settings. This 

assessment resulted in 0.3 mm Cu and 0.3 mm Gd filtration. Two additional filter 

thicknesses were chosen (0.2 mm Cu and 0.2 mm Gd) to investigate the effect of filter 

thickness and x-ray tube output requirements. A total of 12 different kV/filter combination 

were selected for the V1 (small), V3 (average), and V5 (large) phantoms.
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2.C. Breast dosimetry considerations

The mean glandular dose (MGD) levels for the V1, V3, and V5 phantoms were set to the 

MQSA limit of 6 mGy for two view screening mammography for an average breast. This 

limit was chosen for two reasons. Both soft tissue contrast and iodinated contrast are 

relevant to screening, particularly for women at high risk that are currently served by 

gadolinium-enhanced MRI. Additionally, at 6 mGy, there is relatively little contribution 

from quantum noise (see Fig. 10). As a result, the relative findings at 6 mGy will scale to 

higher dose levels that could be used in a diagnostic setting. The x-ray techniques required 

to deliver 6 mGy to each phantom size were estimated using:

a. X-ray spectra generated by the tungsten anode spectral model specific to breast 

CT (TASMICSbCT
27),

b. Previously reported monoenergetic normalized glandular dose values for breast 

CT using the homogenous breast model12 “DgN(E)CT” for the V1, V3, and V5 

phantoms

c. Air kerma measurements free-in-air as a function of mAs for the Doheny 

scanner.

All 12 x-ray spectra with different kV/filter combinations were modeled using TASMICSbCT 

by mathematically adding filtration until the modeled HVL values were equivalent to the 

measured HVL values described above. The modeled x-ray spectra were then used to 

spectrally weight the DgN(E)CT values resulting in 12 different polyenergetic DgN (pDgN) 

coefficients for each phantom size. Lastly, the air kerma (mGy per mAs) was measured for 

all kV/filter combinations by varying the tube current and fitting the air kerma as a function 

of mAs using linear regression. Multiplication of the breast size-dependent pDgN 

coefficients and air kerma measurements for a given kV/filter combination allow for the 

estimation of a specific mAs that delivers the target MGD level for a given phantom size.

2.D. Image acquisition

A detailed description of the prototype breast CT scanner “Doheny” at our institution has 

been previously reported, and therefore, only technical specifications relevant to the image 

acquisitions are reported in this work. Doheny is equipped with a 11.3 kW pulsed x-ray tube 

(M-1581, Varian Medical Systems, Salt Lake City, UT) that can operate up to 70 kV, and a 

CMOS flat-panel detector (Dexela 2923M, Varian Imaging Products, Palo Alto CA). For 

phantom imaging, the CMOS detector was operated in 2 × 2 binning high gain mode 

resulting in a 150 μm detector element “dexel” pitch. An x-ray tube pulse width of 4 ms and 

a pulse period of 23 ms (i.e., 43.5 frames per second) were used in order to reduce the total 

scan time as much as possible within the frame rate capabilities of the detector panel while 

providing consistent and reproducible tube output for each frame (i.e., air kerma per pulse) 

in the tomographic acquisition. A total of 500 projections were acquired for a complete 360° 

rotation, in 11.5 s.

A mechanical support frame was built using optical rails for each phantom in order to 

suspend and align the phantom in the scanner FOV, and the center of the phantom was 

positioned at the scanner isocenter using the positioning laser on the Doheny gantry. The 
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FOV boundary notch that was machined into the phantoms during fabrication12 was used for 

careful alignment in the coronal plane — ensuring that the posterior boundary of the 

phantom was aligned with the boundary of the reconstructed volume. All 12 kV/filter 

combinations and all three phantom sizes were imaged. The 500 projection images acquired 

for each acquisition were reconstructed using a variation of the Feldkamp algorithm28 

enabling it to be run on a graphic processing unit (GPU). A Shepp-Logan apodization filter 

with a cutoff frequency, fC = 2 × fnyquist, was implemented in the reconstruction of a 1024 × 

1024 matrix with an isotropic voxel dimension of 150 μm resulting in 468, 674, and 895 

coronal slices in order to reconstruct the entirety of the V1, V3, and V5 phantoms, 

respectively. Low frequency shading artifacts caused by beam hardening, photon scatter, and 

incomplete sampling of the Radon space in the circular cone beam geometry29 were all 

corrected for using a recently reported shading artifact correction algorithm.7 This algorithm 

uses an iterative application of image segmentation using a convolutional neural network 

(CNN) and low order polynomial parameterization of the adipose distribution to correct for 

the low frequency shading artifacts. In the present study using reconstructed images of 

homogenous phantoms, the segmentation was applied manually by masking the contrast 

rods and using a single threshold for segmentation of the UHMW from air.

2.E. Imaging performance assessment

The following sections describe both spatially dependent (SDNR) and frequency-dependent 

NEQ image quality metrics used to optimize the acquisition parameters (kV, filtration, dose) 

of the Doheny scanner for soft tissue and iodine contrast detection tasks.

The SDNR is an intuitive metric that is simple to measure and provides a quantitative 

assessment of both contrast and noise magnitude. However, it does not account for spatial 

frequency-dependent variations in image noise and out of plane noise correlation, nor does it 

include the spatial resolution characteristics of the imaging system which are important for 

detection tasks in breast CT. Given that the background regions of the phantoms used in this 

investigation are homogenous, anatomical noise is not included, and therefore, it is assumed 

that only the noise magnitude will be affected by changes in kV, filtration, phantom size, and 

glandular dose. In addition, the local spatial resolution is assumed to be approximately equal 

in the FBP reconstructions across all kV, filtration, dose, and breast phantom sizes 

investigated in this work. To account for spatial resolution and noise correlations, we assess 

frequency-dependent NEQ and task-specific detectability.

2.E.1. Signal-difference-to-noise ratio (SDNR)—Imaging performance under 

conditions of varying kV/filter combinations, phantom size, and imaging tasks was assessed 

by the SDNR which was measured in coronal images of the reconstructed bCT volume 

datasets for soft tissue contrast using the water-filled well (glandular surrogate; μglandular) 

against the UHMW background (adipose surrogate; μadipose) and for iodine contrast 

enhancement using the well filled with 5 mg/ml iodine solution (μiodine) against the water-

filled well (μglandular) background as shown in Fig. 1 and defined as follows.

SDNRiodine = μiodine − μglandular
σglandular

(1)
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SDNRsofttissue = μglandular − μadipose
σadipose

(2)

where μ represents the average attenuation coefficient in the voxels of a circular regions of 

interest (ROI) (Fig. 1) and σ represents the standard deviation of the background regions 

(i.e., σglandular for SDNRiodine and σadipose for SDNRsoft tissue). The SDNR was calculated on 

a slice-by-slice basis and averaged across seven consecutive slices that were centered about 

the central ray in the bCT geometry. In addition, the SDNR was calculated as a function of z, 

starting at 2 mm from the posterior edge of the scanner FOV to 2 mm from the anterior 

boundary (bottom) of the wells. The 2 mm offset from the top and bottom of the well was 

used to avoid effects of incomplete sampling artifacts.

To assess the significance of observed effects in SDNR, we use a three-way ANOVA model 

for iodine and soft tissue SDNR separately. We evaluate main effects of kV, filtration, and 

phantom size, as well as interactions of these factors. Each SDNR has been replicated seven 

times in the seven consecutive coronal slices. The resulting P-values are adjusted for 

multiple comparisons using the Benjamini-Hochberg method30 with a false discovery rate of 

5% for the combined soft tissue and iodine contrast results.

2.E.2. Noise equivalent quanta and detectability index—The noise equivalent 

quanta (NEQ) is a frequency-dependent image performance metric that represents the 

number of quanta contributing to the image as formed by a perfect detector.31,32 

Formulation of the three-dimensional NEQ is as follows:

NEQ fx, fy, fz = πf MTF2 fx, fy, fz
NPS fx, fy, fz

(3)

where MTF is the modulation transfer function, and NPS is the power spectrum of quantum 

noise. The πf factor accounts for radial sampling density and bounds the NEQ at low 

frequencies.32–34

The MTF was calculated using the circular edge method35 adopted from the more general 

edge method36,37 for both the glandular and iodine contrast inserts. A total of 50 coronal 

images centered about the central ray in the Doheny geometry were used for the MTF 

assessment. A square ROI surrounding the circular object (iodine or glandular; as shown in 

Fig. 1) was used from the CT volume datasets and the circular Hough transform was 

implemented to estimate the center of the circular object. The oversampled edge spread 

function (ESF) was computed by mapping the center of all voxels from their native cartesian 

coordinates to polar coordinates. All voxels were then binned based on their radial distance 

from the circular object centroid and smoothed using a Savitzky-Golay smoothing filter to 

reduce the impact of image noise and preserve the shape of the ESF. The oversampled ESF 

was then differentiated to compute the corresponding line-spread function (LSF). Lastly, a 

fast Fourier transform (FFT) was applied to the filtered LSF and the modulus of the FFT was 

calculated, resulting in the two-dimensional (2D) MTF in the coronal plane. The accuracy of 

the MTF estimation is highly dependent on the accuracy of the estimated center of the circle 
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on the CT images. An approach was used to iteratively sample around the initial center 

location and determine the location that maximizes the MTF using the integral of the MTF 

from 0 to fnyquist as the figure-of-merit. Specifically, a rectangular grid of 37.5 μm intervals 

(1/4 of the reconstructed voxel size) was defined to be centered about the estimated centroid 

location and the MTF estimation was repeated until a maximum MTF value was obtained. 

The MTF was calculated separately for all 50 coronal images and averaged to produce a 

single, low noise MTF.

The three-dimensional NPS was estimated in order to quantify the noise texture. Image 

subtraction was used for detrending and multiple volume of interest (VOI) ensembles were 

used for the NPS estimation, computed as follows:

NPS fx, fy, fz = ΔxΔyΔz
NxNyNz

∑i = 1
NV OI FFT3D DIi(x, y, z) 2

2 × NVOI
(4)

where DIi is the difference image (in units of attenuation coefficient) for the i-th VOI, Δx,Δy, 

and Δz are the three dimensions of each voxel, and Nx, Ny, and Nz are number of pixels in 

the VOIs in each dimension. The 2 in the denominator accounts for doubling of the noise 

variance in the image subtraction step. A total of 32 VOIs (NVOI = 32) were used in the NPS 

assessment, centered about a constant radius equal to half the phantom radius, and equally 

spaced in 360°. As a proof of principle, the variance measured in the ROIs used for the NPS 

estimation in the CT reconstructions (before detrending) was compared against the integral 

of the NPS. While the fully three-dimensional (3D) NPS is a complete description of the 

image noise in a CT volume dataset, a human observer typically interprets images based on 

a 2D slice. To obtain a meaningful estimation of the 2D NPS, the 3D NPS must be 

integrated over the orthogonal direction (z) in order to account for noise correlation in 

adjacent slices.38 The two-dimensional noise equivalent quanta (NEQ) were then computed 

using the 2D MTF and 2D NPS estimations (accounting for noise correlation in z) for each 

kV/filter combination.

The 2D slice detectability index dslice′  was estimated according to a task-based 

methodology summarized in ICRU 5431 which quantifies imaging performance with respect 

to how well an observer performs a specific task given a 2D slice of a three-dimensional 

(3D) CT volume datasets.

dslice
′2 = ∬ MTF2D

2

NPS2D
W Task

2 fx, fy dfxdfy (5)

where Wtask is the task function which is a frequency representation of the imaging task 

(i.e., the disk in a 2D image) multiplied by the difference in the attenuation coefficients 

between the signal (iodine or glandular) and the corresponding backgrounds (glandular or 

adipose, respectively) at the specific energy and filtration of the beam. The detectability 

index provides a single, objective figure of merit with a SNR-like interpretation that can be 

used for system design and protocol optimization by combining traditional imaging 

performance metrics such as the MTF and NPS, with a task function specific to the imaging 
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task at hand. Estimations of d′ were subsequently compared against the SDNR 

measurements (Section 2.E.1).

3. RESULTS

3.A. X-ray technique requirements

Table I outlines the air kerma levels required to deliver a target MGD of 6 mGy for the small 

(V1), medium (V3), and large (V5) breast phantom sizes. The measured HVL for each kV/

filter combination is also shown in the table. Filtration thicknesses of 0.2 mm for Gd and 0.2 

mm for Cu minimized the differences in HVL for the three tube potentials investigated with 

differences less than 5% across all kV settings. To investigate x-ray spectra with more 

filtration (i.e., higher penetrability), filtration thickness of 0.3 mm for Gd and 0.3 mm for Cu 

was also chosen because they minimized the differences in HVL across all kV settings 

investigated. Tube current requirements for each kV/filter combination are plotted in Fig. 2. 

For 50 kV, the mA required to deliver 6 mGy MGD for filtration choices of 0.3 mm Cu & 

0.3 mm Gd is beyond the power limits of the tube on the Doheny scanner. Alternatively, the 

x-ray tube pulse width could be increased from 4 ms in order to increase the mAs per 

projection, but this would result in an increase in the scan time with subsequent motion 

blurring, both of which are undesirable effects. For example, generating enough tube output 

to deliver 6 mGy for a 50 kV/0.3 mm Gd spectrum would require approximate doubling of 

the pulse width to 8 ms and this would have a combined effect of increasing the scan time by 

2 s and the motion blur by 70% at 7 cm from the isocenter. Figure 3 is a plot of the modeled 

x-ray spectra for 50 and 70 kV with 0.2 mm Cu and 0.2 mm Gd filtration with the photon 

fluence scaled to the air kerma required to deliver 6 mGy to the V3 phantom.

3.B. Imaging performance

Figure 4 depicts the SDNR results for iodine contrast (left column) and soft tissue (right 

column) plotted separately for each phantom size. Note that 50 kV with both 0.3 mm Cu and 

0.3 mm Gd is not included since the mA required to deliver 6 mGy MGD for these kV/filter 

combinations is beyond the x-ray tube upper power limit on the Doheny scanner. The values 

reported in Fig. 4 can easily be used to obtain SDNR predictions at higher dose levels by 

normalizing the SDNR values by MGD using an MGD of 6 mGy and then multi-plying by 

the square root of the desired MGD.

The system MTF results are shown in Fig. 5, displayed as a radial average of the 2D MTF 

for the V3 phantom. The results show the average MTF profile for both imaging tasks and 

all 10 kV/filter combinations along with the minimum and maximum values at each spatial 

frequency. The average MTF at 50% was 1.31 lp/mm with a mean absolute difference of 

1.9% across the 10 comparisons. In addition, the average MTF at 10% was 2.42 lp/mm with 

a mean absolute difference of 2.2%. Slight differences in the MTF across the 10 

comparisons are likely the result of noise remaining in the ESFs. Despite these variations, 

the differences were all less than 4.2% supporting the notion that the MTF is independent of 

the kV/filter combinations used in this study.
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An example of the 3D NPS for the V3 phantom scanned with 50 kV/0.2 mm Gd is shown in 

Figs. 6(a)–6(c). The coronal NPS demonstrates a band-pass frequency characteristic 

representative of filtered back projection. In comparison, the sagittal and axial NPS exhibit 

effects of a null cone around the fz axis that is indicative of frequencies missing in the bCT 

volume data due to incomplete sampling from the cone beam geometry. Figure 6(d) shows a 

comparison plot of the radial average of the central slice through the 3D NPS for 0.2 mm Gd 

and 0.2 mm Cu filtration and both 50 and 70 kV. For ease in visual comparison the 0.3 mm 

Gd, 0.2 mm Cu, and all 60 kV results are not shown in Fig. 6(d). The variance, calculated as 

the integral of the 3D NPS, was within 0.1% of the variance computed within the VOIs in 

the spatial domain — verifying the Fourier transform operation used to compute the 3D NPS 

in Eq. (3). Figure 6(d) clearly demonstrates that only the magnitude of the noise varies 

between the different kV/filter combinations as expected. The mean noise standard deviation 

was 0.0270 mm−1 and 0.0237 mm1 for 0.2 mm Gd filtration at 50 and 70 kV, respectively. 

For 0.2 mm Cu, the noise was 0.0282 mm−1 and 0.0240 mm−1 at 50 and 70 kV, respectively 

— indicative of higher noise levels for lower tube potentials due to less photon penetration 

through the breast.

Two dimensional NEQ results are shown in Fig. 7 displayed as radially averaged profiles of 

the 2D NEQ after the bandwidth integral of the 3D NPS [example shown in Figs. 5(a)–5(c)] 

along the direction orthogonal to the slice (fz direction). The present formulation of the NEQ 

[Eq. (3)] does not include the gain term. This ensures that factors related to the imaging 

system are included in the NEQ and factors related to the object (e.g., contrast) are included 

in the task [Wtask in Eq. (5)].31,32 MTF (Fig. 5) and NPS (Fig. 6) measurements were 

combined with the task function to provide a single figure of merit, d′.2 The detectability 

index is plotted in Fig. 8 against the image domain-based SDNR measurements for the V3 

phantom and all 10 kV/filter combinations. A strong linear correlation was observed 

between d′ and SDNR indicating that within the range of techniques, imaging tasks, and 

phantoms investigated in this work the SDNR is a reasonable surrogate for the detectability 

index. With this observed correlation, the SDNR can be used to draw conclusions related to 

imaging of both iodine contrast and soft tissue across a range of kV/filter combinations 

which was the goal of the present work.

Results of the three-way ANOVA indicated highly significant (P < 0.001) main effects of kV, 

filtration, and phantom size, as well as interactions of these factors. Note that the 50 kV 0.3 

mm Gd and 50 kV 0.3 mm Cu are considered as censored data in the analysis. As a result, 

the fitted ANOVA model explains 210 observations with 22 degrees of freedom. As seen in 

Fig. 4, SDNR decreases with increasing phantom size, which supports the understanding 

that for fixed dose image quality will vary depending on breast size. This decrease is more 

pronounced for soft tissue than for iodine contrast, meaning that beam-hardening affects soft 

tissue more than iodine contrast. In addition, the results indicate a general decrease in SDNR 

with increasing tube potential consistent with the findings of others.8,14 However, the 

decrease in SDNR was monotonic with increasing kV only for soft tissue. For iodine SDNR, 

a significant decrease was only observed for 70 kV (no statistically significant difference 

was observed between 50 and 60 kV). This result is indicative of the k-edge of Gd at ~50 

keV which shapes the 60 kV spectrum such that the majority of the fluence is within the 

energy range just above the k-edge of iodine. This has the effect of mitigating the reduction 
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in SDNR as tube potential increases from 50 to 60 kV. At 70 kV, the majority of the spectral 

fluence is concentrated well above the k-edge of iodine (even with Gd filtration) which 

decreases iodine contrast and results in a significant decrease in iodine SDNR relative to 50 

and 60 kV.

In terms of comparing the effects of filtration material and thickness, the results indicate that 

while increasing the amount of Gd filtration increased the iodine SDNR, it resulted in a 

decrease in soft tissue SDNR and requires nearly 2× more tube current to deliver the same 

dose (see Fig. 2). Together these results indicate that increasing the filtration thickness is not 

advantageous in optimizing the imaging protocol for soft tissue and iodine contrast 

combined because it decreases the soft tissue SDNR and requires x-ray tube power beyond 

the upper limit of the bCTscanner under investigation.

The SDNR as a function of position from the posterior to anterior region of the contrast well 

[see Fig. 1(b)] in the V3 breast phantom is shown in Fig. 9. As expected, the SDNR tends to 

increase from the posterior to anterior region as a result of shorter path lengths through the 

breast, and the resulting reduction in noise and scatter. Within the 50 mm region shown in 

the figure, an increase in SDNR of ~50% was observed and the results are similar for all kV/

filter combinations. Results shown in Fig. 10 demonstrate the variation in SDNR resulting 

from variations in MGD at a technique of 60 kV with 0.2 mm Gd. For both the iodine and 

soft tissue imaging tasks, an MGD of ~1.5 mGy for the V1 phantom would be sufficient for 

matching the SDNR of the V3 phantom (at 6 mGy) and a dose of ~12 mGy would be 

sufficient for the V5 phantom. Together these results indicate that a large variation in dose is 

required to deliver equivalent image quality, quantified by means of the SDNR, across all 

phantom sizes.

4. DISCUSSION

The present study measured the performance of Doheny, a prototype breast CT system at 

UC Davis, for soft tissue and iodine detection tasks in breast-shaped phantoms for tube 

potentials from 50 to 70 kV with both a beam softening filter (Gd with a k-edge of 50 keV) 

and conventional Cu filtration. Consistent with the findings of others,8–10,16 50–60 kV 

proved to be the ideal tube potential for both soft tissue and iodine contrast enhancement 

imaging, quantified by means of the SDNR and detectability index in the present study. For 

maximizing soft tissue SDNR, 50 kV is the optimal tube potential, and for iodine contrast 

SDNR no difference was observed between 50 and 60 kV. If the imaging protocol therefore 

does not include iodine contrast injection, then imaging at 50 kV would maximize the image 

quality. For iodine contrast protocols, imaging at 60 kV with Gd filtration takes advantage of 

the k-edge of Gd and requires 2–3 times less tube current than 50 kV with no observable 

difference in iodine SDNR.

These protocol designs are further complicated when equivalent image quality is preferred 

across all breast sizes, which was shown to require nearly twice the dose for the large breast 

compared against the average breast size. For the Doheny bCT scanner at UC Davis this 

would nearly double the tube and generator power requirements from 11 to 22 kW to 

preserve the short pulse width (4 milliseconds) scan protocol that reduces motion blur, 
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minimizes total scan time and preserves spatial resolution. In addition, 0.2 mm of Gd 

filtration is preferred over a thicker filter (0.3 mm Gd), because while 0.3 mm Gd results in 

an increase in iodine SDNR it decreases soft tissue SDNR (see Fig. 4), and thicker filters 

require two times more tube current than the corresponding thin filter as shown in Fig. 2. A 

tube/filter combination of 60 kV with 0.2 mm Gd therefore provides a good tradeoff 

between maximizing both soft tissue and iodine contrast by taking advantage of the ~50 keV 

Gd k-edge and minimizing tube power requirements of the existing bCT system investigated 

in this work. The M-1581 (Varian Medical Systems, Salt Lake City, UT) x-ray tube used in 

this study has a heat loading capacity of 1500 kHU. A bCT scan using the imaging protocol 

outlined in Section 2.D generates 27.4 kHU and 9.8 kHU for 0.2 mm Gd filtration with a 

tube potential of 50 and 70 kV, respectively — well within the heat capacity of the M-1581 

x-ray tube.

Previous studies have compared new x-ray techniques against filtration materials and 

thicknesses that are consistent with commercial and some prototype bCT scanners in order 

to gain important insight into the potential for dose reduction using exotic filtration 

materials. However, the noise in a CT filtered-back projection reconstruction is inversely 

proportional to the square root of the number of incident quanta at the detector. Therefore, 

comparing image quality metrics using spectra with significantly different x-ray beam 

penetrability (i.e., HVL) masks the ability to compare the effects of the filtration materials 

directly. For this reason, filtration thicknesses for each material were chosen in this study 

such that they provide similar HVLs for the range of tube potentials investigated.

The decision to investigate Gd filtration was based upon the findings of Glick et al. for 

iodinated contrast-enhanced bCT in which they demonstrated that imaging with 49 kV and 

Gd or Er filtration provides up to ~250% improvement in dose efficiency compared to 

conventional filtration used on commercial and prototype bCT systems.8 The simulated and 

measured results by Glick’s group indicate that by simply shaping the x-ray spectrum 

specifically for iodine contrast detection, a significant improvement in detectability can be 

achieved. However, their results were for 49 kV with Gd/Er filtration against 80 kV with 0.3 

mm Cu filtration and therefore only the combined effect of both tube potential and filtration 

was assessed. Furthermore, materials like Gd and Er are advantageous for iodine imaging 

because they have k-edges (50.2 and 57.5 keV, respectively) above the k-edge of iodine 

(33.2 keV) and therefore can shape the spectrum for improved iodine-to-glandular contrast. 

However, imaging at 49 kV does not take advantage of this beam shaping effect of Er or Gd 

filtration and requires significantly more x-ray tube output than imaging at high tube 

potentials, especially at high frame rates as demonstrated in the present work.

The Fourier-based metrics presented in this work for estimation of the signal (MTF) and 

noise (NPS) transfer characteristics requires the assumption of linearity, local shift 

invariance, and local stationarity for the imaging system under investigation. All volume 

data sets used in this work were reconstructed using FBP which satisfies the assumption of 

linearity and local shift invariance. In addition, it is well understood that location of the 

ensemble VOIs used for the NPS estimation affects the shape of spectrum and therefore the 

wide-sense stationary assumption is not satisfied entirely.39,40 All VOIs were therefore 

chosen to be centered at a constant radius within the phantom (which was centered about the 
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scanner isocenter) and equally spaced in 360° to more closely approximate wide-sense 

stationary. Lastly, due to the incomplete sampling of the Radon space inherent in the cone 

beam geometry the point spread function is likely non-stationary. To address this, the MTF 

was measured in a region which was centered about the central ray and therefore incomplete 

sampling was minimized; however, these limitations must be considered when interpreting 

these results.

Accurate MTF estimation requires accurate geometrical calibration, high precision 

machining of the test object, and quantum noise mitigation. Given the high spatial resolution 

capabilities of some modern flat panel detectors, such as the Dexela panel installed on 

Doheny, these requirements are even more stringent. The “BB” geometrical calibration 

method41 was used for calibration of Doheny and a fine tuning of the central ray location 

incident on the detector was iteratively determined to optimize the MTF. All wells in the 

breast phantoms were machined using a high-performance CNC mill and caution was taken 

to provide a smooth surface finish. Remaining surface inconsistencies are likely beyond the 

spatial resolution limitations of the Doheny scanner; however, they are a limitation of this 

study. Quantum noise was mitigated in the MTF noise estimations by averaging two scans, 

averaging multiple coronal images, and oversampling the edge spread function.

This work and previously reported studies on spectral optimization in bCT used glandular 

dose estimations for the simple homogenous breast model which has recently been shown to 

result in an overestimation of normalized glandular dose coefficients for breast CT.11,13 With 

this in mind, the SDNR measurements in this work were then normalized by glandular dose 

estimations using a heterogenous breast dosimetry model11 and compared against a simple 

homogenous model.12 Taking into account previously published breast dosimetry 

estimations using a more anatomically accurate heterogenous breast dosimetry model, the 

change in MGD estimated using the heterogenous model (MGDhetero) relative to the 

homogenous model was on average −1.4% [range = −5.7% to 1.8%] across the range of kV, 

filtration, and breast sizes investigated in this work. The difference in SDNR when 

normalized by MGDℎetero relative to normalization by MGDℎomo was on average 2.4%, 

1.2%, and 0.6% for 50, 60, and 70 kV, respectively, averaged across phantom sizes and the 

two thin filtration choices (0.2 mm Cu and 0.2 mm Gd). The differences were 0.2% and 

−0.3% for 60 and 70 kV, respectively, averaged across phantom sizes and the two thick 

filtration choices (0.3 mm Cu and 0.3 mm Gd). Together these results indicate that 

differences in the estimation of MGD using the more anatomically accurate heterogenous 

breast dosimetry models result in only a minimal difference in the dose weighted SDNR 

metric.

The breast phantoms utilized in this work were composed of a homogenous background and 

therefore did not take into account the anatomical variability inherent in a patient’s breast 

parenchyma. Several important questions remain including how adding background 

variability in the breast phantoms would affect imaging tasks such as size discrimination, 

low contrast detectability, as well as detection and localization of microcalcifications. The 

methods here establish optimal scanning techniques for a high frame rate, pulsed x-ray tube 

scanner for tasks with a uniform background, but these may need revision for other imaging 

tasks. In particular, specific phantoms related to microcalcifications will need to be 
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developed to optimize these systems because of challenges related to resolution and dose 

limitations.

5. CONCLUSIONS

A tube potential of 60 kV with 0.2 mm Gd provides a good tradeoff between maximizing 

both soft tissue and iodine contrast by taking advantage of the ~50 keV Gd k-edge and 

minimizing tube power requirements of the existing bCT system investigated in this work. 

Imaging at 60 kV allows for a greater range in dose delivered to the large breast sizes when 

uniform image quality is desired across all breast sizes. While imaging performance metrics 

(i.e., detectability index and SDNR) were shown to be strongly correlated, the 

methodologies presented in this work for the estimation of NEQ (and subsequently d’) 

provides a meaningful description of the spatial resolution and noise characteristics of this 

prototype bCT system across a range of beam quality, dose and breast sizes. Future work 

should incorporate a similar NEQ type approach for systematic optimization of other 

imaging tasks.
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Fig. 1. 
(a) Photographs of the V3 phantom contrast wells (red- and black-taped “x” marks) and the 

phantom suspended in the breast computed tomography scanner field of view. (b) Example 

coronal and sagittal slices through the V3 phantom reconstructions depicting the location of 

the iodine, glandular, and adipose regions. The circular ROIs in the coronal image depict the 

regions used for the signal-difference-to-noise ratio measurements and the contrast term in 

the task function for the detectability index. The dotted square ROIs indicate the region 

where the modulation transfer function calculation was performed.
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Fig. 2. 
Tube current (mA) required for each kV/filter combination in order to deliver the target 

mean glandular dose of 6 mGy. Results shown are the average +/− one standard deviation 

across all three phantom sizes. The solid horizontal lines indicate the max mA allowed for 

the Doheny scanner which corresponds to 220, 180, and 150 mA at 50, 60, and 70 kV, 

respectively. Specifically, for the thicker filtration choices at 50 kV (0.3 mm Cu & 0.3 mm 

Gd), the required mA is beyond the power limitations of the scanner investigated.
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Fig. 3. 
Modeled x-ray spectra generated for the 50 and 70 kV spectra with 0.2 mm Cu and 0.2 mm 

Gd filtration. The photon fluence is scaled to the air kerma (see Table I) that delivers a 6 

mGy mean glandular dose for the V3 (median)-sized breast phantom.
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Fig. 4. 
Signal-difference-to-noise ratio (SDNR) results measured for iodine contrast (left column) 

and soft tissue (right column) for phantom sizes V1, V3, and V5 using a constant mean 

glandular dose of 6 mGy. Several kV/filter combinations were beyond the tube power 

limitations of the scanner under investigation and are indicated by “N/A.” The SDNR value 

is the average and standard deviation (error bars) across seven consecutive slices centered 

about the central plane in the breast computed tomography scanner.
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Fig. 5. 
Radially averaged modulation transfer function for the median-sized (V3) phantom. The 

average value across all 10 kV/filter combinations and both imaging tasks is shown along 

with +/− one standard deviation from the mean.
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Fig. 6. 
(a–c) Orthogonal central slices through the three-dimensional (3D) NPS measured in the 

reconstructed images of the V3 phantom scanned with 50 kV and 0.2 mm Gd filtration. 

Radially averaged central slices through the 3D NPS (fz = 0) are also shown for a subset of 4 

kV/filter combinations and the V3 phantom size.
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Fig. 7. 
Comparisons of the two-dimensional noise equivalent quanta (NEQ) for the median-sized 

(V3) phantom at 6 mGy mean glandular dose for a subset of 4 kV/filter combinations. The 

results for 60 kV, 0.3 mm Gd, and 0.3 mm Cu filtration are not shown for ease in visual 

comparisons.
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Fig. 8. 
Correlation comparisons between the two-dimensional slice detectability index (d′) 
measured in the frequency domain and the signal-difference-to-noise ratio measured in the 

image domain. Results are shown for the V3 phantom and all 10 kV/filter combinations for 

the iodine contrast and soft tissue tasks. Results for the thin filters (0.2 mm Gd/Cu) are 

shown using solid markers and thick filter results (0.3 mm Gd/Cu) are shown using outlined 

markers.
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Fig. 9. 
Signal-difference-to-noise ratio (SDNR) results for the V3 (median)-sized phantom from the 

posterior (z = 0 cm) to anterior (z = 50 mm) region of the contrast wells in the breast-shaped 

phantom. Results are shown for iodine contrast and soft tissue contrast tasks for tube 

potentials of 50 and 70 kV with either 0.2 mm Cu or 0.2 mm Gd added filtration. The y-axis 

is the SDNR as a function of z normalized to the SDNR at z = 0 (i.e., posterior boundary of 

scanner field of view).
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Fig. 10. 
Signal-difference-to-noise ratio (SDNR) results at various mean glandular dose (MGD) 

levels for 60 kV with 0.2 mm Gd filtration. Results are shown for the V1, V3, and V5 

phantoms along with a linear fit. The dashed line indicates the SDNR for the V3 phantom at 

6 mGy and can be used to interpolate the dose that is necessary to provide identical image 

quality across all phantom sizes.
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Table I.

Air kerma values required to deliver a mean glandular dose (MGD) of 6 mGy for the V1 (small), V3 

(medium), and V5 (large) phantom sizes and tube potentials of 50, 60, and 70 kV. The MGD was calculated 

using published DgN coefficients for the realistic breast-shaped phantoms,11 and half value layer 

measurements (shown in italic) from the Doheny breast computed tomography scanner.

Air Kerma (mGy)

Filtration Phantom Size 50 kV 60 kV 70 kV

0.2 mm Cu V1 8.53 7.99 7.73

V3 8.65 7.97 7.64

V5 9.06 8.23 7.83

HVL (mm Al) 2.86 3.52 4.01

0.3 mm Cu V1 8.01 7.53 7.30

V3 8.01 7.40 7.12

V5 8.31 7.57 7.22

HVL (mm Al) 3.44 4.31 4.96

0.2 mm Gd V1 8.27 7.90 7.70

V3 8.33 7.87 7.62

V5 8.69 8.13 7.82

HVL (mm Al) 3.11 3.61 3.97

0.3 mm Gd V1 7.81 7.46 7.37

V3 7.76 7.33 7.22

V5 8.02 7.49 7.35

HVL (mm Al) 3.73 4.41 4.64
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