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Abstract

Background: High-resolution, low-noise detectors with minimal dead-space at chest-wall could 

improve posterior coverage and microcalcification visibility in dedicated cone-beam breast CT 

(CBBCT). However, their smaller field-of-view necessitates laterally-shifted detector geometry to 

enable optimizing the air-gap for x-ray scatter rejection.

Objective: To evaluate laterally-shifted detector geometry for CBBCT with clinical projection 

datasets that provide for anatomical structures and lesions.

Methods: CBBCT projection datasets (n=17 breasts) acquired with a 40×30-cm detector 

(1024×768-pixels, 0.388-mm pixels) were truncated along the fan-angle to emulate 20.3×30-cm, 

22.2×30-cm and 24.1×30-cm detector formats and correspond to 20, 120, 220-pixels overlap in 

conjugate views, respectively. Feldkamp-Davis-Kress (FDK) algorithm with three different 

weighting schemes were used for reconstruction. Visual analysis for artifacts and quantitative 

analysis of root-mean-squared-error (RMSE), absolute difference between truncated and 40×30-

cm reconstructions (Diff), and its power spectrum (PSDiff) were performed.

Results: Artifacts were observed for 20.3×30-cm, but not for other formats. The 24.1×30-cm 

provided the best quantitative results with RMSE and Diff (both in units of μ, cm−1) of 

4.39×10−3±1.98×10−3 and 4.95×10−4±1.34×10−4, respectively. The PSDiff(>0.3 cycles/mm) was in 

the order of 10−14μ2mm3 and was spatial-frequency independent.

Conclusions: Laterally-shifted detector CBBCT with at least 220-pixels overlap in conjugate 

views (24.1×30-cm detector format), provides quantitatively accurate and artifact-free 

reconstruction.
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INTRODUCTION

Tissue superposition in screening mammography can contribute to false-positive recalls and 

can mask lesions resulting in missed cancers. Hence, tomographic imaging techniques that 

can overcome the tissue superposition problem are being investigated. Digital breast 

tomosynthesis (1–5), a limited-angle x-ray tomographic technique has been developed and is 

in routine clinical use (6). While digital breast tomosynthesis allows for reduction in tissue 

superposition, the limited-angle tomography contributes to artifacts (7). Hence, several 

research groups (8–14) are investigating the potential of dedicated breast computed 

tomography (bCT) for full tomographic imaging that does not require physical compression 

of the breast. Several clinical studies using prototype bCT systems have been reported (8, 

15–20). A multi-reader, multi-case study with 235 cases (52 negatives with 1-year follow-

up, 104 biopsy-proven benign findings, 79 biopsy-proven malignancies) and using 18 breast 

imaging radiologists reported that the sensitivity of diagnostic, non-contrast, dedicated cone-

beam bCT (CBBCT) was significantly higher (88% vs. 84%, p=0.008) than diagnostic 

mammography (21). Of the 183 cases (104 benign findings + 79 malignancies) with lesions 

in that study, 93/183 (51%) had calcified lesions (21). However, the average glandular dose 

(AGD) from non-contrast diagnostic CBBCT, while comparable to mammography-based 

diagnostic workup, was approximately equivalent to four mammographic views (22). When 

cone-beam bCT is performed at AGD similar to 2-view mammography, improved 

conspicuity for soft tissue abnormalities and reduced conspicuity for microcalcifications 

with bCT was observed (8). Thus, with bCT, adequate visualization of calcifications at AGD 

similar to 2-view mammography remains a challenge.

Factors influencing visibility of microcalcifications include system spatial resolution, image 

noise that is dependent on radiation dose, and image reconstruction (23). Pulsing the x-ray 

source has been shown to improve spatial resolution (24). Newer generation of bCT systems 

operate the x-ray source in pulsed mode (22, 25) and have a x-ray focal spot size of 0.3 mm 

that is similar in size to the large focal spot used in mammography screening. A majority of 

the cone-beam bCT (CBBCT) clinical systems utilize amorphous silicon-based flat-panel 

detectors (e.g., PaxScan 4030CB or 4030X, Varex Imaging, Salt Lake City, UT, USA), 

which exhibits electronic noise of 1716–5948 e−, depending on operating mode (26). High-

resolution (0.075 to 0.152 mm pixel pitch without binning), high framerate (>30 frames/s 

without binning), complimentary metal-oxide semiconductor (CMOS) detector are available 

(e.g., Xineos 3030HR, Teledyne Dalsa, Waterloo, Ontario, Canada). The reported electronic 

noise of CMOS detectors (27) is 165–360 e−, depending on the operating mode, and is an 

order of magnitude lower than amorphous-silicon flat-panel detectors. The combination of 

small focal spot size, pulsed x-ray source, fine angular sampling, and high-resolution CMOS 

detector (Dexela 2923, Varex Imaging, Salt Lake City, UT, USA) operated at 2×2 binned 

mode resulting in 0.15 mm pixel has been shown to improve system resolution (25). A 
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bench-top system using such a detector reported improvement in visualizing smaller 

microcalcifications (14).

Another key clinical consideration for widespread adaptation of bCT is the ability to image 

the posterior aspect of the breast, viz., chest-wall and axillary tissue. Posterior coverage 

similar to mammography is achievable with optimized dip or swale in the patient support 

table and by reducing the detector dead-space (inactive region) at the chest-wall (28). A 

prior study (29) reported that the pectoralis muscle was visible in 107/137 (78%) breasts 

with a CBBCT system using PaxScan 4030CB detector with a specified chest-wall dead-

space of 34.2 mm. Further improvement in chest-wall coverage is possible with the use of 

detectors with reduced chest-wall dead-space. CMOS detectors have a reported chest-wall 

dead-space of 4 mm to 15 mm, depending on the model and manufacturer. Thus, CMOS 

detectors exhibit several desirable characteristics for use in CBBCT.

While the CMOS detector provides several advantages for CBBCT, the largest detector has a 

30 cm × 30 cm field of view (FOV), which is smaller than the 40 cm × 30 cm FOV of the 

PaxScan 4030CB detector used in the US FDA-approved clinical CBBCT system (KBCT 

1000, Koning Corporation, West Henrietta, NY, USA). One approach to accommodate the 

smaller FOV of the CMOS detector is to reduce the system magnification (25), by 

decreasing the axis-of-rotation (AOR) to detector distance. Positioning the detector closer to 

the AOR would increase x-ray scatter and could affect quantitative accuracy. An alternative 

approach is the laterally-shifted detector geometry that can extend the reconstructed FOV, 

while allowing for optimized air-gap to reduce x-ray scatter (Fig. 1). Reduction in x-ray 

scatter can improve the quantitative accuracy of reconstructed breast volumes.

For the laterally-shifted detector geometry and with full 360° acquisition, the lateral 

truncation issue can be addressed with filtered back-projection (FBP) methods, such as 

variants of the commonly used Feldkamp-Davis-Kress (FDK) algorithm (30). Cho et al (31) 

proposed a method where conjugate views are combined and ramp-filtered, followed by 

weighting and discarding data outside the detector FOV, prior to back-projection using the 

FDK algorithm. Cho et al. (32) also proposed another alternative method, where the weights 

are applied to the truncated projections before the ramp-filtering step and is commonly 

referred to as pre-weighting FDK. Wang et al. (33) proposed a different weighting scheme 

for pre-weighting FDK for micro CT applications. Other types of algorithms have been 

proposed, among which are the back-projection filtration (34) (BPF), differentiated back-

projection (35), and iterative methods (36). In addition to proposing a different weighting 

scheme for pre-weighting FDK, Schafer et al (34) also provided a comparative study of FBP 

and BPF algorithms.

For clinical imaging, the use of laterally-shifted detector to extend the FOV has been 

described for radiotherapy treatment planning (31, 37) and for SPECT/CT (38). However, 

the imaging tasks for these applications are substantially different from that required for 

detection and diagnosis of lesions in the breast. Breast imaging requires the ability to detect 

and characterize calcifications of the order of a few hundred micrometers as well as low-

contrast soft-tissue lesions. Mettivier et al (13) investigated the laterally-shifted detector 

geometry on a bench-top system using homogenous phantoms. To our knowledge there have 
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been no prior reports investigating the laterally-shifted detector geometry for CBBCT using 

clinical datasets that provide for real anatomical background and lesions as well as off-

center positioning of the breast that occurs in clinical practice. For clarity, we use the term 

‘off-center’ to describe the breast position with respect to the axis of rotation (AOR) and 

‘laterally-shifted’ to describe the detector positioning with respect to the projection of the 

AOR onto the detector plane. Also, we use the term pixel size for the detector pixel elements 

and is in projection domain, and the term voxel size for the reconstructed image volume. 

Preliminary and partial results investigating the potential of laterally-shifted detector 

CBBCT were reported in conferences (39, 40).

In this study, the feasibility of the approach for CBBCT in terms of the effect of 

reconstruction methods and the amount of lateral truncation in cone-beam projections along 

the fan-angle direction were investigated using clinical projection datasets. The goals of this 

study are: (1) to determine if artifact-free and quantitatively accurate reconstruction is 

possible with the laterally-shifted detector geometry employing 29 cm or smaller detectors 

along the fan-angle direction, while retaining the reconstructed field-of-view of a 40 cm 

detector, (2) if breast diameter, fibroglandular volume fraction and off-center positioning has 

an effect on reconstructed image quality with laterally-shifted detector CBBCT, and (3) 

relative to CBBCT with full-fan angle projection dataset, if there are cone-angle dependent 

effects with the laterally-shifted detector CBBCT. These goals are evaluated using the root-

mean-square error (RMSE) metric (goals 1 and 2), that absolute difference between full-fan 

and truncated-fan CBBCT (goals 1 and 2), and the power spectrum of the difference 

between full-fan and truncated-fan CBBCT (goals 1 and 3).

MATERIALS AND METHODS

Clinical dataset

This is a retrospective study and used projection datasets from women who had previously 

participated in an institutional review board-approved, HIPAA-compliant clinical study 

(clinicaltrials.gov: NCT01090687). The data from this study has been used to quantify skin 

thickness, fibroglandular fraction, radiation dose, and x-ray scatter correction techniques 

(22, 29, 41–44) and was part of the dataset used in the reader study (21). The projection 

datasets were acquired with a clinical prototype CBBCT system (pre-FDA approval KBCT 

1000 prototype, Koning Corporation, West Henrietta, NY) that did not employ laterally-

shifted detector geometry. The CBBCT system used a PaxScan 4030CB detector and a 

RAD-71SP x-ray tube (Varian Medical Systems, Salt Lake City, Utah) operated in pulse 

mode (8 ms pulse-width) at 49 kVp (1st HVL: 1.4 mm of Al). The detector was operated in 

2×2 binned mode, resulting in 0.388 mm × 0.388 mm pixel size and the projections images 

were 1024 (along fan-angle) × 768 (along cone-angle) matrix. For each scan, there were 300 

projection views spanning [0, 2π). Detailed descriptions of the system, technique factors 

used for acquisition and the radiation dose (22) were previously described. Referring to Fig. 

2, the imaging geometry for the system used to acquire the clinical cone-beam projection 

datasets resulted in full-fan angle (2θmax) of 24.95°.

Seventeen cases were selected for this study. These cases were chosen so that the breasts 

were sufficiently large to accommodate a (128 voxel)3 volume-of-interest (VOI) for 
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estimating the power spectrum. The reconstructed voxel size was 0.273 mm × 0.273 mm × 

0.273 mm. All cases in the study underwent biopsy as part of standard care, after their 

CBBCT imaging, thus providing histopathology verification. The selected cases correspond 

to mammographic findings of soft tissue abnormalities (masses) in 8 patients (4 each of 

benign and malignant pathology), 8 patients with microcalcifications of which 4 patients had 

pathology-verified diagnosis of ductal carcinoma in situ (DCIS) and the remainder were 

benign, and 1 patient with both soft tissue abnormality and microcalcifications with 

malignant pathology.

Schematic of the cone-beam projection data acquisition

In this section, the imaging geometry used to obtain the cone-beam projections is described 

so that the parameters relevant to CBBCT image reconstruction with laterally-shifted 

detector geometry can be addressed. A schematic of the geometry is given in Fig. 2. The x-

ray source trajectory is assumed to be a circle of radius R (650 mm) and the source to 

detector distance is represented as D (898 mm). The three-dimensional (3D) set of object 

attenuation coefficients to be reconstructed are denoted by μ, or μ(x), where x ∈ ℝ3. The 

attenuation coefficient μ(x) is assumed to be zero outside a cylinder of constant radius. A 

cone-beam measurement of μ(x) is the set of line integrals of μ(x) emanating from an x-ray 

source position relative to the object being imaged. Cone-beam projections are acquired for 

each angular position λ on the circular source trajectory with spacing of Δλ (1.2°). The 

position of the x-ray source trajectory is given by a(λ) = (Rcos(λ), Rsin(λ),0), where λ ∈ 
[0, 2π). The cone-beam projection data from the x-ray source position g(λ,θ) is defined as:

g(λ, θ) = ∫
0

∞
μ a(λ) + tθ dt, θ ∈ S (1)

where, θ is an element in the set of all unit vectors in space S. Hereon, the flat-panel detector 

geometry used to acquire cone-beam projections simultaneously rotates with the x-ray 

source so that it is always orthogonal to the plane containing the x-ray source position and 

the y-axis, i.e., the detector is always orthogonal to the unit vector ev. The rows and columns 

of the flat-panel detector are respectively parallel to the unit vectors eu and ew, respectively, 

and a point on the detector is given by P(λ,u,w). I (λ) is the point on the detector plane such 

that the ray emanating from a(λ) and passing through AOR is orthogonal to the detector 

plane. The cone beam projections acquired with the flat-panel detector appear as a function 

of the angular position λ and the detector coordinates (u,w), such that g(λ,θ) = g(λ,u,w). 

For the laterally-shifted detector geometry, there is truncation along the u-direction and the 

conjugate views provide an overlap region [−u0,u0]. After accounting for system 

magnification (D/R), the 23 cm dimension of the proposed detector along the z-axis is 

sufficient to accommodate the longest chest to nipple extent observed in prior studies (28, 

29).

Laterally-shifted detector geometry and clinical data preparation

As noted earlier, the cone-beam clinical projection datasets used for this study were acquired 

with a CBBCT system that did not employ laterally-shifted detector geometry and exhibited 

a full-fan angle of 2θmax = 24.95°. Assuming that the distances D and R in Fig. 2 are 

Vedantham et al. Page 5

J Xray Sci Technol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



maintained, if the proposed 29 cm × 23 cm CMOS detector is laterally-shifted so as to cover 

a half-fan angle of θmax = 12.47°, then it can provide for a reconstructed FOV in the coronal 

plane matched to that of the 40 cm × 30 cm detector. In this geometry, the 29 cm dimension 

of the CMOS detector can cover a fan angle of θmax + Δθ, where θmax = 12.47° and Δθ = 

5.81°. Δθ corresponds to the half-overlap region [0,u0] in Fig 2. For this study, we truncated 

each projection to θmax + Δθ, where Δθ ∈ {0.25°,1.49°,2.72°}. The selected Δθ values 

correspond to half-overlap region [0,u0] of 10, 60 and 110 pixels of 0.388 mm in the detector 

plane, respectively. Alternatively stated, the θmax + Δθ values considered in this study 

correspond to detectors with lateral extent of 20.3 cm, 22.2 cm and 24.1 cm, respectively, 

that is less than the 29 cm dimension of the proposed CMOS detector, while providing 

identical reconstructed FOV in the coronal plane as that with the 40 cm × 30 cm detector. 

Hereon, we use the term ‘truncated cone-beam’ to represent the cone-beam data with 

truncation along the fan-angle direction.

Image reconstruction

Geometric calibration data used to reconstruct the breast volume for clinical interpretation 

was obtained and used in this study. Since the reconstructions provided by the prototype 

CBBCT system may have been subjected to additional processing, the full cone-beam 

projection datasets were reconstructed using an implementation of ramp-filtered FDK 

algorithm (30) independent of the system manufacturer.

For the laterally-shifted detector geometry, the projections are truncated along the u-

coordinate of the detector (Fig. 2). These truncated measurements were corrected as follows: 

First, a weighting scheme is applied to the full set of projections to reduce reconstruction 

artifacts caused by data redundancy and the convolution of an abrupt truncation boundary. It 

is relevant to note that weighting scheme depends only on the u-detector coordinate. Three 

different weighting functions (Eqns. 2–4) were considered in this work and correspond to 

those described in Cho et al (32), Wang et al (33), and Schafer et al (34) respectively.

W 1 u =

2, um ≤ u < − u0

1 + cos πu + u0
2u0

,

0, u0 < u ≤ uM

− u0 ≤ u ≤ u0 (2)

W 2 u =

1, um ≤ u < − u0
1
2 − 1

2sin πu
2u0

,

0, u0 < u ≤ uM

− u0 ≤ u ≤ u0 (3)

W 3 u =

1, um ≤ u < − u0

sin2 π
2

u − u0
2u0

,

0, u0 < u ≤ uM

− u0 ≤ u ≤ u0 (4)
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The weighted cone-beam projections are reconstructed using FDK algorithm (30). For every 

point x ∈ ℝ3, using the pre-weighting FDK, the attenuation coefficient μ(x) can be 

reconstructed according to Eqn. 5:

μ x = ∫
0

2π R
x − a λ • ev

2∫−∞

∞
W i ξ Rg λ, ξ, w

a λ − P λ, ξ, w ℎ u − ξ dξdλ (5)

where, ℎ t = ∫−∞
∞ σ exp i2πσt dσ and Wi are the aforementioned weighting schemes. For all 

reconstructions, the projection datasets were reconstructed to isotropic voxel size of 0.273 

mm. Post-reconstruction, we did not scale the reconstructed linear attenuation coefficients to 

Hounsfield units (HU); thus, the reconstructions had units of cm−1.

Quantitative evaluation

For each clinical case, the effective diameter of the breast and the amount of off-center 

positioning of the breast were determined from the chest-wall slice. The chest-wall slice is 

defined as the coronal slice immediately anterior to the pectoralis muscle, which was within 

the imaged FOV for all cases included in this study. The effective diameter was determined 

by equating the cross-sectional area of the breast in the chest-wall slice to a circle of 

equivalent area. The off-center positioning of the breast was determined as the Euclidean 

distance between the AOR and the centroid of the breast. For each clinical case there were 

10 reconstructions; 1 ramp-filtered FDK reconstruction of full cone-beam projection dataset, 

referred to as ‘full-projection CBBCT’ and 9 (3 weighting schemes × 3 Δθ) reconstructions 

of truncated cone-beam projection datasets, referred to as ‘truncated-projection CBBCT’, 

that emulate the laterally-shifted detector geometry.

The truncated-projection CBBCT reconstructions were quantitatively evaluated using the 

root-mean-squared error (RMSE) metric, the absolute difference between reconstructions of 

truncated-projection and full-fan projection datasets (Diff) and using the power spectra 

(PSDiff) of the difference between reconstructions of truncated-projection and full-fan 

projection datasets. Since, the RMSE metric does not address spatial variations between 

truncated and full-fan reconstructions, the PSDiff was chosen to provide a measure of 

spatially-variant artifacts. The RMSE (Eqn. 6) for truncated-projection CBBCT 

reconstructions were computed with respect to the full-projection CBBCT as:

RMSE = 1
N ∑

j = 1

N
μj, θmax + Δθ

W i − μj, 2θmax
2

(6)

where, μj, θmax + Δθ
W i  is the reconstructed volume using truncated cone-beam projections and 

the weighting function Wi and μj, 2θmax is the reconstructed volume using full cone-beam 

projections for the j − th, and N = 17 are the number of cases in the study. The absolute 

difference (Diff) for truncated-projection CBBCT reconstruction were computed with 

respect to the full-projection CBBCT as:
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Diff = 1
N ∑

j = 1

N
μj, θmax + Δθ

W i − μj, 2θmax (7)

For assessment of artifacts using the power spectrum (PSDiff), (128 voxels)3 volume-of-

interest (VOI) laterally centered at the chest-wall slice and beginning from the chest-wall 

slice and proceeding anteriorly for a total of 128 slices was extracted from each 

reconstruction. For a given combination of weighting scheme and Δθ, the difference in 

matched VOIs between CBBCT reconstructions of full-projection and truncated-projection 

datasets was computed as in Eqn. 8:

DV OIθmax + Δθ
W i (x, y, z) = V OIθmax + Δθ

W i (x, y, z) − V OI2θmax(x, y, z);   i = 1, 2, 3 (8)

where, V OI2θmax(x, y, z) corresponds to the VOI from full-projection CBBCT. A 3-D Hann 

window was applied prior to Fourier transform and the squares of the magnitude of the 

Fourier transformed volumes from all cases were averaged to provide the PSDiff (Eqn. 9):

PSDiff, θmax + Δθ
W i (fx, fy, fz)

= 1
N ∑

i = 1

N
F DV OIθmax + Δθ

W i (x, y, z) × H(x, y, z)
2

Δx Δy Δz
(9)

where, F  represents the Fourier transform, H(x,y,z) is the Hann window, Δx = Δy = Δz = 

0.273 mm are the voxel dimensions, and (fx, fy, fz) are the spatial frequencies.

RESULTS

Qualitative (visual) analysis

In Fig. 3, matched reconstructed slices from full-projection CBBCT (bottom row) and 

truncated-projection CBBCT (top 3 rows) that emulate the laterally-shifted detector 

geometry are shown for visual analysis. For Δθ = 0.25° (top row) that corresponds to half-

overlap region [0,u0] of 10 pixels (0.388 mm pixel pitch in detector plane), artifacts centered 

at the AOR are observed with all 3 investigated weighting schemes and is indicated by the 

arrow in the top-left panel. For Δθ = 1.49° (2nd row) and Δθ = 2.72° (3rd row) that 

correspond to half-overlap region [0,u0] of 60 and 110 pixels, respectively, these artifacts are 

not apparent. For Δθ = 1.49°, subtle shading artifacts were discernible on soft-copy display 

and could not be visualized for Δθ = 2.72°. For each Δθ, the three investigated weighting 

schemes visually provided similar image quality.

Fig. 4 shows matched reconstructed slices with soft tissue abnormality (arrow in top-left 

panel) using the full-projection and the truncated-projection (Δθ = 2.72°) datasets. 

Subsequent to CBBCT, histopathology rendered a diagnosis of metastatic adenocarcinoma. 

For the three weighting schemes investigated with truncated-projection CBBCT, visually the 

image quality appears to be similar. Compared to the CBBCT reconstructions from full-

projection dataset, no artifacts were observed with the reconstructions from truncated-
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projection dataset. The increased “graininess” (image noise) is expected due to reduction in 

photon statistics for the truncated-projection CBBCT. However, the lesion of interest is 

easily discernible. In the bottom row, the absolute difference between the full-projection 

CBBCT and each of the truncated-projection CBBCT are shown. They indicate that the 

reconstructed linear attenuation coefficients differ predominantly at the skin and appear to be 

similar across the 3 weighting schemes investigated.

In Fig. 5, reconstructions from a study participant who subsequent to CBBCT imaging had a 

pathology-verified diagnosis of ductal carcinoma in situ are shown. At our institution, 

scrolling thick-slab is often used, along with 3D maximum-intensity projections (MIPs), for 

evaluating CBBCT images with microcalcifications, as they are often distributed across 

multiple slices. Each panel in the top row is the average intensity projection (AvIP) of 10 

matched slices, corresponding to a slice thickness of 2.73 mm. The microcalcification 

cluster (arrow in top-left panel) is easily discernible on both full-projection CBBCT and 

truncated-projection CBBCT and is better appreciated on soft-copy display. The absolute 

difference between full-projection CBBCT and each of the truncated-projection CBBCT 

(bottom row) appear to be similar across the 3 weighting schemes investigated.

Quantitative evaluation using RMSE

Table 1 summarizes the RMSE computed over the entire breast volume for each of the 

truncated-projection CBBCT with the full-projection CBBCT as the reference standard. For 

increasing Δθ, there is a decrease in the RMSE. The summary metrics of the RMSE were 

identical across the three weighting schemes at each Δθ. To verify if the RMSE were 

identical for each case, pair-wise linear regression analyses were performed and the linear fit 

traced the identity line (not shown for brevity). Hence, the absolute difference between the 

detector u-coordinate dependent weights for the three schemes were investigated and is 

shown in Fig. 6. The top row shows the weights for Δθ = 2.72° corresponding to [0,u0] of 

110 pixels of 0.388 mm dimension. The bottom row shows the absolute difference between 

the weights, which indicated that the differences were in the range of 3.5×10−16 to 

4.5×10−16 and explains the observation of similar RMSE for the 3 weighting schemes. 

Hence, for conciseness in reporting, subsequent results using the RMSE are restricted to 

Cho’s weighting scheme with the understanding that the observations are equally applicable 

to Schafer’s and Wang’s weights.

Fig. 7 shows the histograms of the RMSE for Δθ = 0.25° (top panel, [0,u0] = 10 pixels), Δθ 
= 1.49° (middle panel, [0,u0] = 60 pixels), and Δθ = 2.72° (bottom panel, [0,u0] = 110 

pixels). There is progressive reduction in the RMSE with increasing Δθ, with the reduction 

in the RMSE averaging 40.9% (range: [14.5%,67.8%]) between Δθ = 0.25° and Δθ = 1.49°, 

and a further reduction in the RMSE averaging 8.2% (range: [0%,25.5%]) between Δθ = 

1.49° and Δθ = 2.72°. For each Δθ, the RMSE satisfied the normality assumption (p > 0.108, 

Shapiro-Wilk’s test). Repeated measures analysis of variance (ANOVA) indicated that the 

RMSE statistically differed with Δθ (p = 1.16 × 10−4, Wilks Lambda). Pairwise comparisons 

using post-hoc Sidak test indicated statistically significant differences between Δθ = 0.25° 

and Δθ = 1.49° (p = 2.17×10−7) and between Δθ = 0.25° and Δθ = 2.72° (p = 3.08×10−8), 

but was not statistically different between Δθ = 1.49° and Δθ = 2.72° (p = 0.866). 
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Importantly, for Δθ = 2.72°, the mean (± standard deviation) RMSE (unit of μ, cm−1) was 

4.39×10−3 (±1.98×10−3) among all 17 cases and the maximum RMSE was 7.94×10−3. Since 

the RMSE was determined with the full-projection CBBCT as the reference standard, the 

results indicate that the truncated-projection CBBCT that emulates laterally-shifted detector 

geometry can provide for similar image quality as full CBBCT.

Effect of breast diameter on the RMSE

Fig. 8 shows the scatter plot of the RMSE as a function of effective diameter of the breast at 

the chest-wall for (A) Δθ = 0.25°, (B) Δθ = 1.49°, and (C) Δθ = 2.72°. The mean (± standard 

deviation) and median [range] of effective breast diameters were 17.96 (± 1.97) cm and 

17.33 [15.01 – 22.1] cm, respectively. This indicates the range of breast diameters 

investigated in this study correspond to breasts larger than the average (45) or the median 

(29) reported in prior studies. As indicated earlier, relatively large breasts were included in 

this study so as to accommodate (128 voxels)3 VOI for power spectral analysis. The 

distribution of breast diameters satisfied the normality assumption (p = 0.344, Shapiro-

Wilk’s test). Breast diameter was not correlated (Pearson correlation coefficient, r) with the 

RMSE for Δθ = 0.25° (r = 0.173, p = 0.508) and for Δθ = 1.49° (r = 0.46, p = 0.063), but 

was correlated for Δθ = 2.72° (r = 0.494, p = 0.044).

Effect of breast off-center position on the RMSE

Fig. 9 shows the scatter plot of the RMSE as a function of off-center position determined as 

the Euclidean distance between the AOR and the centroid of the chest-wall slice for (A) Δθ 
= 0.25°, (B) Δθ = 1.49°, and (C) Δθ = 2.72°. The mean (± standard deviation) and median 

[range] of off-center breast position were 2.91 (± 1.33) cm and 2.67 [1 – 5.1] cm, 

respectively. The distribution of off-center breast position satisfied the normality assumption 

(p = 0.277, Shapiro-Wilk’s test). Off-center breast position was statistically correlated with 

the RMSE for Δθ = 0.25° (r = 0.507, p = 0.038), but was not correlated with the RMSE for 

Δθ = 1.49° (r = 0.276, p = 0.284) and for Δθ = 2.72° (r = 0.208, p = 0.424).

Effect of fibroglandular volume fraction on the RMSE

The fibroglandular volume fraction denoted as VGF was obtained from a prior work (29) for 

the cases included in this study. The mean (± standard deviation) and median [range] of 

VGF for the cases included in this study were 0.15 (± 0.15) cm and 0.07 [0.02 – 0.54], 

respectively. The VGF was log-transformed to satisfy the normality assumption (p = 0.373, 

Shapiro-Wilk’s test). Fig. 10 shows the scatter plot of the RMSE as a function of log-

transformed VGF for (A) Δθ = 0.25°, (B) Δθ = 1.49°, and (C) Δθ = 2.72°. For each Δθ, the 

VGF did not exhibit statistical correlation with the RMSE (p > 0.481).

Quantitative evaluation using absolute difference

At each Δθ, the summary metrics for the absolute difference (Diff) between full-projection 

CBBCT and truncated-projection CBBCT computed over the entire breast volume were 

identical across the three weighting schemes. Hence, only the Diff from truncated-projection 

CBBCT using Cho’s weighting scheme is reported (Table 2). For increasing Δθ, there is a 

decrease in the Diff (p = 1.37×10−9, Wilks Lambda, repeated measures ANOVA). However, 
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the differences are in the order of 10−4 that is 2–3 orders of magnitude lower than the range 

of linear attenuation coefficients relevant to breast imaging and translates to less than ±2 

HU, for the specified spectrum. For Δθ = 2.72°, Diff was not correlated with the effective 

diameter of the breast at chest-wall, off-center positioning of the breast and the volumetric 

fibroglandular fraction (p > 0.078). The above analysis indicates that the absolute difference 

(Diff) between full-projection CBBCT and truncated-projection CBBCT computed over the 

entire breast volume are nearly identical.

Quantitative power spectral analysis

The RMSE metric used in the aforementioned quantitative analyses provides an 

understanding of the deviation between the full-projection CBBCT and the truncated-

projection CBBCT emulating the laterally-shifted detector geometry. However, it does not 

provide for spatial and consequently spatial-frequency dependent variations between the 

reconstructions. PSDiff analysis of the difference between the CBBCT reconstructions of the 

full-projection and the truncated-projection datasets addresses this need. Also the PSDiff 

corresponding to the chest-wall to nipple direction allows determination of whether there are 

cone-angle dependent effects for the truncated CBBCT relative to full-fan CBBCT. As noted 

earlier, the PSDiff was computed from 3-D matched VOIs extracted from each case and from 

each reconstruction, followed by computing the difference between the full-projection 

CBBCT and the truncated-projection CBBCT prior to Fourier transformation. Fig. 11 shows 

the 2-D PSDiff extracted along the 3 orthogonal planes (columns in figure) from the 3-D 

PSDiff for Δθ = 0.25°, and each row corresponds to the 3 weighting schemes investigated. 

The planes (fx, fy), (fx, fz) and (fy, fz) correspond to the coronal, axial and sagittal planes, 

respectively. For the coronal plane (fx, fy), periodic artifacts are observed along the radial 

frequencies. For the axial and sagittal planes, they appear along the fx and fy axes; however, 

off-axis artifacts were not observed. Similar to the observation for the RMSE, the PSDiff did 

not differ between the 3 weighting schemes. Hence, subsequent analyses are restricted to 

reconstructions using Cho’s weights and the observations are equally applicable to 

reconstructions using Schafer’s and Wang’s weights.

Fig. 12 shows the 2-D PSDiff extracted along the 3 orthogonal planes (columns in figure) for 

Δθ = 0.25° (top row), Δθ = 1.49° (middle row), and Δθ = 2.72° (bottom row). For Δθ = 

1.49° and Δθ = 2.72°, the 2-D PSDiff do not show any off-axis noise source along the 3 

orthogonal planes. This implies that there is no structural noise component due to truncated-

projection CBBCT when Δθ and consequently the half-overlap region [0,u0] are 

appropriately chosen. The amplitude at the origin in the 2-D PSDiff indicates spatially-

invariant differences between the full-projection CBBCT and the truncated-projection 

CBBCT reconstructions that is consistent with the observations for Diff in Table 2.

Fig. 13 shows the 1-D PSDiff along the 3 orthogonal axes extracted from the 3-D PSDiff. 

Panels A through C provide the 1-D PSDiff along each of the 3 axes and within each panel 

the plots correspond to the 3 Δθ values. Panel D provides the comparison of the 1-D PSDiff 

along the 3 orthogonal spatial frequency axes for Δθ = 2.72° that corresponds to half-overlap 

region of [0,u0] = 110 pixels. For panels A and B, and to a lesser extent in panel C, there is 

progressive reduction in PSDiff with increasing Δθ. In panel A and B that correspond to fx 
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and fy axes respectively, periodic patterns are observed for Δθ = 0.25°. In panel C that 

corresponds to fz axis (cone-angle direction), such a pattern is not observed for Δθ = 0.25°, 

as the cone-beam truncation is along the fan-angle and the weights are applied along the 

detector u-coordinate. In panel D corresponding to Δθ = 2.72°, the 1-D PSDiff is similar 

along the 3 spatial frequency axes. With the exception at near zero-spatial frequency, no 

peaks were observed along the 3 axes, indicating that the truncated-projection CBBCT does 

not distort or cause artifacts compared to the full-projection CBBCT. At spatial frequencies 

> 0.3 cycles/mm, the PSDiff amplitude is of the order of 10−14 μ2 mm3, where μ is the linear 

attenuation coefficient in units of cm−1. At near-zero spatial frequency, the PSDiff amplitude 

is of the order of 10−8 μ2 mm3, which is consistent with the estimate of Diff after accounting 

for voxel dimension (0.273 mm). The above analyses demonstrate that with appropriate 

selection of Δθ, artifact-free reconstruction is possible with the laterally-shifted detector 

approach. Additionally, the 1-D PSDiff along the fz axis show that cone-angle dependent 

effects are not substantially different between the full-projection and the truncated-

projection CBBCT.

DISCUSSION

Qualitative visual analysis showed that with appropriate selection of Δθ, CBBCT 

reconstructions of truncated projections emulating laterally-shifted detector geometry can 

provide similar images as full-projection CBBCT. Lesions of interest such as soft tissue 

abnormality and microcalcification cluster could be easily discerned. The study observed 

that for CBBCT using laterally-shifted detector geometry, the choice of weighting scheme 

used with pre-weighting FDK reconstruction algorithm did not impact either the RMSE or 

the PSDiff. However, this observation may not be generalizable for imaging of other organs 

or anatomical locations. Quantitative evaluation showed progressive reduction in the RMSE 

and the PSDiff with increasing Δθ. It is important to recognize that if the distances R and D 
in Fig. 2 are maintained, the 29 cm dimension of a 29 cm × 23 cm detector can cover a fan 

angle of θmax + Δθ, where θmax = 12.47° and Δθ = 5.81°, to provide a reconstructed FOV in 

the coronal plane matched to the 40 cm dimension of a 40 cm × 30 cm detector. The 

maximum Δθ = 2.72° considered in this study is substantially lower than 5.81°, indicating 

further reduction in the RMSE and the PSDiff is possible.

For Δθ = 2.72° that corresponds to half-overlap region [0,u0] = 110 pixels of 0.388 mm pixel 

pitch in the detector plane, the mean RMSE (unit of μ, cm−1) was 4.39×10−3 indicating that 

quantitatively similar images as full-projection CBBCT is achievable with the laterally-

shifted detector approach. For Δθ = 2.72°, the maximum RMSE of 7.94×10−3 corresponds 

to a large breast with effective diameter of 18.2 cm. Since the study observed a statistically 

significant and positive correlation between the breast diameter and the RMSE for Δθ = 

2.72°, and considering that the study included above average breast diameters, the mean 

RMSE for a typical breast diameter distribution encountered during clinical use is likely to 

be even smaller than the 4.39×10−3 observed in this study. The study included a relatively 

wide range of off-center breast positions and did not observe a statistical correlation between 

the RMSE and the off-center breast position for Δθ = 2.72°. Hence, it is unlikely that the off-

center breast position could contribute to an increase in the RMSE. Also the volumetric 
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glandular fraction VGF, often referred to as volumetric breast density, was not correlated 

with the RMSE and hence it is unlikely to impact the RMSE.

The analyses using PSDiff showed that for Δθ = 2.72°, the amplitude was in the order of 

10−14 μ2 mm3, except near the origin, and did not contain any noticeable peaks indicating 

the lack of artifacts. However, for Δθ = 0.25° artifacts in image domain (Fig. 3) as well as 

periodic patterns in the PSDiff along the fx and fy axes (Fig. 13) were observed. The 

relatively small number of pixels in the overlap region for Δθ = 0.25° is likely to be a 

contributing factor. Assuming the distances R and D in Fig. 2 are maintained, the proposed 

CMOS detector with a native pixel pitch of 0.075 mm and operated in 2×2 binned mode 

with pixel pitch of 0.15 mm, would provide half-overlap regions [0,u0] = {25,185,255} 

pixels for Δθ = {0.25°,1.49°,2.72°}. In comparison, the clinical dataset using in this study 

with Δθ = {0.25°,1.49°,2.72°} correspond to half-overlap regions [0,u0] = {10,60,120} 

pixels. The increased number of pixels for the same Δθ with the CMOS detector provides 

more number of data points (samples) for weighting and could further improve image 

quality.

While the study emulated laterally-shifted detector geometry by truncating the full cone-

beam projection datasets along the fan-angle direction, it is important to recognize that the 

benefits of truncated cone-beam geometry in terms of reduced x-ray scatter (13) and 

reduction in radiation dose (40) cannot be realized in this study. In spite of these factors 

favoring full-projection CBBCT, the observation that CBBCT using laterally-shifted detector 

geometry can provide for similar image quality is highly promising. Additionally, the 

benefits of the proposed detector in terms of higher resolution and lower electronic or 

system noise could only be realized by developing such a CBBCT system.

It should also be clarified that we purposely targeted a smaller lateral dimension for the 

detector in this study (20 to 24 cm) than that currently available (29 to 30 cm), so that the 

air-gap between the breast and the detector can be increased for x-ray scatter rejection to 

improve quantitative accuracy, while maintaining the same reconstructed FOV. Based on the 

results from this study, the system magnification can be increased to 1.66 from 1.38. Monte 

Carlo simulations of radiation dose and x-ray scatter are subject of ongoing investigations 

which are necessary precursors for task-specific optimization of system geometry and will 

be reported in the future.

CONCLUSIONS

In this study, the feasibility of CBBCT with truncated cone-beam projections arising from 

smaller field-of-view detectors used in laterally-shifted detector geometry was investigated 

in terms of artifacts, visualization of lesions and quantitative evaluation using clinical data 

from patients that provide for real anatomical backgrounds and lesions. To our knowledge 

there have been no prior studies investigating laterally-shifted detector geometry for CBBCT 

using clinical datasets. Results from this study show that CBBCT with laterally-shifted 

detector geometry is feasible and that it can provide for artifact-free reconstruction with 

qualitatively and quantitatively similar images as full cone-beam breast CT. Additionally, the 

study showed that cone-angle dependent effects are not substantially different between full-
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fan CBBCT and truncated-fan CBBCT using laterally-shifted detector geometry. 

Considering that smaller FOV (30 cm × 30 cm), high-resolution detectors with reduced 

dead-space at chest wall and lower noise characteristics are available, this study provides 

scientific evidence for pursuing research using the laterally-shifted detector approach to 

overcome the limited field of view and to address the major concerns with current CBBCT 

systems in terms of chest-wall coverage and visibility of microcalcifications. Additionally, 

this approach can improve quantitative accuracy by reducing the x-ray scatter contribution 

and has the potential to reduce the radiation dose.
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Fig. 1. 
Schematic of the laterally-shifted detector geometry is shown with a smaller field-of-view 

detector (29 cm along the fan angle direction) when viewed from the chest-wall (coronal 

plane). For full 360° acquisition and circular source trajectory, projection data from two 

opposing views a(λ) and a(λ + π) can be combined for reconstruction. There is an overlap 

region centered at the axis of rotation that is covered by all projections. The drawing is not 

up to scale.
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Fig. 2. 
Schematic of the cone-beam data acquisition geometry using laterally-shifted detector that 

illustrates the symbols used in the text. The three-dimensional (3D) set of object attenuation 

coefficients to be reconstructed are denoted by μ(x) and the detector coordinates are denoted 

as (u, w). Conjugate views provide an overlap region [−u0,u0]. The drawing is not up to 

scale.
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Fig. 3. 
Matched slices showing cone-beam reconstructions from the full (2θmax = 24.95°) 

projection dataset (bottom row) and the truncated (θmax + Δθ) projection datasets (top 3 

rows) emulating the laterally-shifted detector geometry. For the top 3 rows, Δθ of 0.25°, 

1.49° and 2.72° correspond to half-overlap region [0,u0] of 10, 60 and 110 pixels of 0.388 

mm pitch in the detector plane, respectively. For the top 3 rows, each column represents the 

three weighting schemes investigated. For Δθ = 0.25°, artifacts are observed centered at the 

AOR (arrow in top left panel). For Δθ ≥ 1.49°, these artifacts are no longer apparent. For a 

given Δθ, visually the reconstructions using the three investigated weighting schemes appear 

similar. Image display range for the reconstructed linear attenuation coefficients is 

maintained the same, μ ∈ [0.15,0.35] cm−1 for all panels.
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Fig. 4. 
Top row shows matched reconstructed slices with soft tissue abnormality (arrow in top-left 

panel) that was subsequently pathology-verified to be metastatic adenocarcinoma. The lesion 

of interest is easily discernible with the truncated-projection (Δθ = 2.72°) CBBCT emulating 

the laterally-shifted detector geometry and appear visually similar to full-projection CBBCT 

(top-left panel). Bottom row shows absolute difference between the CBBCT reconstructions 

of full-projection and truncated-projection datasets with the 3 weighting schemes. The 

reconstructed linear attenuation coefficients differ predominantly at the skin and appear to be 

similar across the 3 weighting schemes investigated. Image display scales for the 

reconstructions (top row) is μ ∈ [0.15,0.35] cm−1 and for the absolute difference images 

(bottom row) is μ ∈ [0,0.15] cm−1.
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Fig. 5. 
Top row shows reconstructions from a study participant with microcalcification cluster who 

subsequent to CBBCT imaging had a pathology-verified diagnosis of ductal carcinoma in 

situ. Each panel in the top row is the average intensity projection (AvIP) of 10 matched 

slices resulting in slice thickness of 2.73 mm. This is consistent with the protocol used at our 

institution for clinical interpretation as the individual calcifications may be distributed over 

multiple slices. The microcalcification cluster (arrow in top-left panel) is easily discernible 

on both the full-projection CBBCT and the truncated-projection CBBCT and is better 

appreciated on soft-copy display. For each panel in the top row, a 2x electronically zoomed 

area of 100×100 voxels encompassing the calcification cluster is shown in the top right 

corner. Bottom row shows absolute difference the CBBCT reconstructions of full-projection 

and truncated-projection datasets, which appear to be similar for the 3 weighting schemes. 

Image display scales for the reconstructions (top row) is μ ∈ [0.15,0.42] cm−1 and for the 

absolute difference images (bottom row) is μ ∈ [0,0.15] cm−1.
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Fig. 6. 
The top row shows the detector u-coordinate dependent weights for Δθ = 2.72° 

corresponding to [0,u0] of 110 pixels of 0.388 mm pitch in the detector plane. The bottom 

row shows the absolute difference between the weights, which were in the range of 3.5 × 

10−16 to 4.5 × 10−16 and explains the observation of similar RMSE for the 3 weighting 

schemes.
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Fig. 7. 
Histograms of RMSE for Δθ = 0.25° (top panel, [0,u0] = 10 pixels), Δθ = 1.49° (middle 

panel, [0,u0] = 60 pixels), and Δθ = 2.72° (bottom panel, [0,u0] = 110 pixels) are shown. 

There is progressive reduction in RMSE with increasing Δθ.
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Fig. 8. 
Scatter plots of the RMSE as a function of the effective diameter of the breast at the chest-

wall are shown for (A) Δθ = 0.25°, (B) Δθ = 1.49°, and (C) Δθ = 2.72°. The effective 

diameters of the breasts included in this study ranged from 15 to 22 cm and correspond to 

relatively large breasts.
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Fig. 9. 
Scatter plots of the RMSE as a function of off-center position determined as the Euclidean 

distance between the AOR and the centroid of the chest-wall slice are shown for (A) Δθ = 

0.25°, (B) Δθ = 1.49°, and (C) Δθ = 2.72°.
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Fig. 10. 
Scatter plots of the RMSE as a function of log-transformed volumetric fibroglandular 

fraction (VGF) are shown for (A) Δθ = 0.25°, (B) Δθ = 1.49°, and (C) Δθ = 2.72°.
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Fig. 11. 
For Δθ = 0.25°, the 2-D PSDiff extracted along the 3 orthogonal planes (columns) from the 

3-D PSDiff computed from the difference between the full cone-beam and the truncated 

cone-beam reconstructions are shown. Each row corresponds to the 3 weighting schemes 

investigated and the PSDiff for each plane were identical.
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Fig. 12. 
The 2-D PSDiff extracted along the 3 orthogonal planes (columns in figure) for Δθ = 0.25° 

(top row), Δθ = 1.49° (middle row), and Δθ = 2.72° (bottom row). For Δθ = 1.49° and Δθ = 

2.72°, the 2-D PSDiff do not show any off-axis noise source along the 3 orthogonal planes.
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Fig. 13. 
The 1-D PSDiff along the 3 orthogonal spatial frequency axes extracted from the 3-D PSDiff 

are shown. A through C provide the 1-D PSDiff along fx, fy and fz, respectively and within 

each panel the plots correspond to the 3 Δθ values investigated. Panel D compares the 1-D 

PSDiff along the 3 orthogonal spatial frequency axes for Δθ = 2.72° that corresponds to half-

overlap region of [0,u0] = 110 pixels.
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Table 1.

Summary metrics of RMSE (×10−2; units of μ, cm−1) computed over the entire breast volume with the full-fan 

reconstruction as the reference standard (SD – standard deviation; Min – Minimum; Q1 – 1st quartile; Q3 – 3rd 

Quartile; Max – Maximum). Δθ of 0.25°, 1.49° and 2.72° correspond to half-overlap region [0,u0] of 10, 60 

and 110 pixels of 0.388 mm, respectively. RMSE reduces with increasing Δθ and the summary metrics are 

similar among the three weighting schemes at each Δθ.

Δθ Weight Mean SD Min Q1 Median Q3 Max

0.25° Cho 0.836 0.367 0.364 0.580 0.878 1.014 1.729

Schafer 0.836 0.367 0.364 0.580 0.878 1.014 1.729

Wang 0.836 0.367 0.364 0.580 0.878 1.014 1.729

1.49° Cho 0.476 0.205 0.226 0.307 0.434 0.608 0.877

Schafer 0.476 0.205 0.226 0.307 0.434 0.608 0.877

Wang 0.476 0.205 0.226 0.307 0.434 0.608 0.877

2.72° Cho 0.439 0.198 0.201 0.270 0.401 0.575 0.794

Schafer 0.439 0.198 0.201 0.270 0.401 0.575 0.794

Wang 0.439 0.198 0.201 0.270 0.401 0.575 0.794
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Table 2.

Summary metrics of Diff (×10−4; units of μ, cm−1) computed over the entire breast volume with the full-fan 

reconstruction as the reference (SD – standard deviation; Min – Minimum; Q1 – 1st quartile; Q3 – 3rd 

Quartile; Max – Maximum). Δθ of 0.25°, 1.49° and 2.72° correspond to half-overlap regions [0,u0] of 10, 60 

and 110 pixels of 0.388 mm, respectively. Diff reduces with increasing Δθ and are similar for the three 

weighting schemes at each Δθ.

Δθ Mean SD Min Q1 Median Q3 Max

0.25° 5.53 1.32 3.65 4.39 5.34 6.65 8.47

1.49° 5.14 1.31 3.36 3.99 4.90 6.17 8.14

2.72° 4.95 1.34 3.16 3.83 4.64 5.82 8.14
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