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Abstract

The purpose of this study is to quantify the impact of sparse-view acquisition in short-scan 

trajectories, compared to 360-degrees full-scan acquisition, on image quality measures in 

dedicated cone-beam breast computed tomography (BCT). Projection data from 30 full-scan 

(360-degrees; 300 views) BCT exams with calcified lesions were selected from an existing clinical 

research database. Feldkamp-Davis-Kress (FDK) reconstruction of the full-scan data served as 

the reference. Projection data corresponding to two short-scan trajectories, 204 and 270-degrees, 

which correspond to the minimum and maximum angular range achievable in a cone-beam BCT 

system were selected. Projection data were retrospectively sampled to provide 225, 180, and 168 

views for 270-degrees short-scan, and 170 views for 204-degrees short-scan. Short-scans with 

180 and 168 views in 270-degrees used non-uniform angular sampling. A fast, iterative, total 

variation-regularized, statistical reconstruction technique (FIRST) was used for short-scan image 

reconstruction. Image quality was quantified by variance, signal-difference to noise ratio (SDNR) 

between adipose and fibroglandular tissues, full-width at half-maximum (FWHM) of calcifications 

in two orthogonal directions, as well as, bias and root-mean-squared-error (RMSE) computed 

with respect to the reference full-scan FDK reconstruction. The median values of bias (8.6×10−4 

– 10.3×10−4 cm−1) and RMSE (6.8×10−6 – 9.8×10−6 cm−1) in the short-scan reconstructions, 

computed with the full-scan FDK as the reference were close to, but not zero (P<0.0001, one-

sample median test). The FWHM of the calcifications in the short-scan reconstructions did not 

differ significantly from the reference FDK reconstruction (P>0.118), except along the superior-

inferior direction for the short-scan reconstruction with 168 views in 270-degrees (P=0.046). 

The variance and SDNR from short-scan reconstructions were significantly improved compared 

to the full-scan FDK reconstruction (P<0.0001). This study demonstrates the feasibility of the 

short-scan, sparse-view, compressed sensing-based iterative reconstruction. This study indicates 

that shorter scan times and reduced radiation dose without sacrificing image quality are potentially 

feasible.
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1. INTRODUCTION

Cone-beam computed tomography (CBCT) enables three-dimensional (3D) and 

relatively low-dose, high-spatial resolution visualization for many applications including 

interventional, head, neck and extremity imaging. Dedicated cone-beam breast CT (BCT), 

a relatively new and highly specialized application of CBCT, generates tomographic and 

fully 3D images in any plane. Unlike digital mammography (Pisano et al., 2005; Vedantham 

et al., 2000a; Suryanarayanan et al., 2002; Vedantham et al., 2000b) and digital breast 

tomosynthesis (Niklason et al., 1997; Suryanarayanan et al., 2000; Michaelsen et al., 2015; 

Vedantham et al., 2015a; Friedewald et al., 2014), BCT does not require breast compression. 

The masking of a suspicious area due to overlapping tissues is minimized in BCT (Chen et 
al., 2013; Chen et al., 2015; Vedantham et al., 2012b; Vedantham et al., 2013b). BCT also 

overcomes the various artifacts observed in DBT (Sujlana et al., 2018). Current dedicated 

cone-beam BCT scanners use flat-panel detectors and acquire either 300 views (O’Connell 

et al., 2010; O’Connell et al., 2018; O’Connell et al., 2014; Vedantham et al., 2014) or 500 

views (Lindfors et al., 2008; Prionas et al., 2010; Aminololama-Shakeri et al., 2019) in a 

circular scan trajectory covering 360 degrees. The acquired projection data is reconstruction 

using the traditional Feldkamp-Davis-Kress (FDK) algorithm (Feldkamp et al., 1984). One 

cone-beam BCT system, which acquires 300 views in 360-degrees (full-scan) has shown 

to improve sensitivity compared to mammography (Cole et al., 2015) in a diagnostic 

setting and has obtained regulatory approvals in several countries and regions. The radiation 

dose to the breast in diagnostic setting from this cone-beam BCT system is approximately 

similar to diagnostic mammography, but is twice the limit from standard 2-view screening 

mammogram for a breast with an assumed average thickness and density (Vedantham et al., 
2013c). The radiation dose to the breast can be reduced in a number of ways; including 

optimization of the technique factors used for image acquisition (Hernandez et al., 2020), 

by using beam shaping filters (Luck et al., 2013; Vedantham et al., 2015b; Vedantham and 

Karellas, 2017) and with novel image reconstruction techniques (Bian et al., 2014; Tseng et 
al., 2020).

In current cone-beam BCT designs, the x-ray tube travels in front of the patient head for 

360 degree acquisition. This geometry uses a table-top design that requires the patient to 

turn the head sideways. Discomfort in the neck and shoulder was reported by a substantial 

proportion (9/23, 39%) of study participants with cone-beam BCT (O’Connell et al., 2010). 

An appropriately designed short scan x-ray source trajectory that is inferior to the breast 

does not require the patient to turn their head, mitigating patient discomfort (Fig 1A). 

Developing a BCT system using the short-scan approach (270° or less) is very useful in dose 

reduction in dedicated BCT using either prone or upright patient positioning (Vedantham et 
al., 2013a). Approximately 25% of women aged 65 years or more, and 15.4% of women 

aged 50 years or more, suffer from osteoporosis of the femoral neck or lumbar spine (Wright 
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et al., 2014), which makes prone positioning difficult. This allows for a more comfortable 

position for the patient and potentially for better positioning of the breast for maximizing 

inclusion of tissue near the chest-wall (Vedantham et al., 2013a). Thus, the short-scan 

trajectory provides benefits for both prone and upright patient positioning (Vedantham et 
al., 2013a). These factors served as our motivation for pursuing the short-scan trajectory in 

cone-beam BCT.

In short-scan, sparse-view CBCT, although the FDK algorithm provides fast reconstructions, 

it lacks of the ability to compensate for the missing projection data, and this generates 

streak artifacts and noisy images even with the use of Parker weights (Parker, 1982; 

Wesarg et al., 2002), in particular for sparse-view acquisitions. Compressed sensing (CS) 

algorithms (Candes et al., 2006; Candes and Tao, 2006) provide a more robust solution 

and they are effective in compensating for missing data in undersampling conditions. One 

of the important strategies of applying CS in image reconstruction is the total variation 

(TV) (Rudin et al., 1992; Strong and Chan, 2003; Chambolle, 2004) approach based upon 

projection onto convex sets (POCS) (Sezan, 1992), which is able to effectively handle 

the insufficient or incomplete data sets. Among many extended algorithms based on the 

TV-POCS, the adaptive steepest descent-projection onto convex sets (ASD-POCS) algorithm 

(Sidky and Pan, 2008) has been proposed for CBCT and has been explored for cone-beam 

BCT (Bian et al., 2014). In this study, we investigate a variant of this algorithm, referred to 

as Fast, Iterative, TV-Regularized, Statistical reconstruction Technique (FIRST), for image 

reconstruction (Tseng et al., 2020). Although short-scan cone-beam acquisition have been 

used for other clinical applications (e.g., interventional imaging, positioning verification in 

radiation therapy, etc.) and applying this data acquisition for BCT may sound naïve; BCT 

must meet different imaging performance requirements compared to the aforementioned 

applications. For example, the clinical tasks associated with interventional imaging (often 

with administered contrast media) such as evaluation of percent stenosis or lesion size and 

guidance for endovascular device placement are substantially different from the clinical 

needs for breast imaging that are based on detecting and characterizing lesions. The ability 

to visualize microcalcifications and at a radiation dose suitable for breast cancer screening 

makes such acquisition and reconstruction challenging for BCT. To our knowledge, there 

are no publications that address image quality and potential dose reduction using the 

combination of short-scan and sparse-view approach on clinical cone-beam breast CT data.

In this study, we investigate the effect of incomplete projection datasets acquired by the 

short-scan and sparse-view approach on image quality in dedicated cone-beam BCT. The 

objectives are to determine (i) if it is feasible to reduce radiation dose with the combination 

of short-scan trajectory, sparse views, and iterative reconstruction while maintaining 

quantitative image quality similar to full-scan FDK reconstruction, and (ii) to determine 

the sparsity (number of views) that provide the best quantitative image quality for 270° 

and 204° short-scan trajectories, subject to the constraints of the available clinical datasets. 

The remaining part of this paper is organized as follows. In section 2, the method for 

generating for the short-scan and sparse-view projection data is described, followed by a 

brief discussion of the image reconstruction algorithm (FIRST). The image quality metrics 

used for evaluation are also addressed in this section. In the section 3, results from the 

quantitative image quality evaluation are reported.
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2. METHODS AND MATERIALS

2.A. Clinical datasets

This retrospective study was conducted in accordance with an institutional review board 

(IRB)-approved protocol (Protocol # 1903470973) and used de-identified datasets from 

subjects who had participated in a prior clinical trial (ClinicalTrials.gov Identifier: 

NCT01090687). The cone-beam BCT datasets (Vedantham et al., 2012a; Shi et al., 2013) 

were acquired at 49 kV, 1.4 mm of Al 1st half-value layer thickness, 8 ms pulse-width, 

and 300 projection views over 360° (full-scan) with uniform angular sampling (1.2°) on 

a cone-beam BCT system (Pre-FDA approval prototype of KBCT1000, Koning Corp., 

West Henrietta, NY). This system used a RAD71-SP (Varian Medical Systems, Salt Lake 

City, UT) x-ray tube with a nominal focal spot size of 0.3 mm and a PaxScan 4030CB 

CsI:Tl scintillator coupled, amorphous silicon-based flat-panel detector (Varian Medical 

Systems, Salt Lake City, UT). The detector had a 1024×768 pixel matrix with native 

pixel size of 0.194 mm and was operated in a 2×2 binning mode to provide 0.388 mm 

pixels. The source-to-axis of rotation (AOR) distance (SAD) and the source-to-detector 

distance (SDD) were 650 mm and 898 mm, respectively. The standard image reconstruction 

provided by the system for clinical interpretation uses a 1024×1024 in-plane voxel matrix 

with 0.273 mm isotropic voxel sampling. For this study, a cohort of 30 cases with 

microcalcifications were selected. These 30 cases were a subset of the cases (53% with 

calcifications) used in the reader study with 18 radiologists that showed improved sensitivity 

of BCT (full-scan, FDK reconstruction) over mammography in diagnostic setting (Cole 

et al., 2015). While the average glandular dose (AGD) from BCT was comparable to 

diagnostic (not screening) mammography, it was approximately twice that of standard 

2-view mammography (Vedantham et al., 2013c). Lindfors et al. reported that when the 

AGD to the breast from BCT is in the range of the standard 2-view mammography, then 

the conspicuity of calcified lesions is reduced in cone-beam BCT (Lindfors et al., 2008), 

but did not investigate if this affected diagnostic performance measures such as sensitivity 

or specificity. Since, objective of the study is to investigate short-scan trajectories which 

lead to dose reduction, we focused on calcified lesions for this study. For the selected 

cohort of 30 cases with calcified lesions, the breast dimensions, the volumetric glandular 

fraction (Vedantham et al., 2012a) and the AGD (Vedantham et al., 2013c) from the full-scan 

acquisition are summarized in Table 1.

2.B. Short-scan and sparse-views

For short-scan BCT, several system geometric parameters (Fig 1B) need to be considered, 

including the distances from the source to axis-of-rotation (SAD), source to detector (SDD), 

and the swale-depth (Sd) of the protective cover. Also, the anode target angle of the x-ray 

tube and consequently the cone-beam extent of the x-ray beam needs to be factored. 

We utilized the body habitus and breast dimensions data (Vedantham et al., 2013a), in 

conjunction with all technical parameters (tube output, anode angle) to design the system, 

which resulted in full fan-angle of 24°. Thus, an x-ray source trajectory encompassing an 

angular range of 2α ≥ 204° is needed to satisfy the data-sufficiency conditions for the central 

plane (Tuy, 1983). Also, factoring the acceleration and deceleration of the gantry and the 

space required to position the patient’s head, the maximum angular range for the x-ray 
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source trajectory was determined to be 270°. In this study, we considered two representative 

cases of 2α = 204° and 2α = 270° corresponding to the minimum and maximum angular 

range for the, x-ray source trajectory. It is relevant to note that the short-scan, sparse-view 

acquisition can be implemented easily for both prone and upright patient positions.

For the two short-scan trajectories of 204° and 270°, uniform angular sampling interval 

of 1.2° matching the acquired clinical projection data were selected, resulting in 170 

and 225 projection views, respectively. By experimenting with different starting angles, 

no differences were observed in the reconstructed images. Hence, for simplification, the 

projection view corresponding to 0° was selected as the starting angle for both 270° and 

204° short-scan trajectories. Since the clinical projection data were acquired with 1.2°, we 

also considered 2.4° angular interval which maintains uniform angular sampling, but the 

image quality was poor and hence was excluded from the study. To consider different dose 

reduction levels, 80% and 75% of the 225 views were chosen for 270° short-scan, which 

resulted in 180 and 168 views, respectively. This was achieved by excluding the 3rd view 

within every 5 adjacent views for 180 views and the 3rd view within every 4 adjacent views 

for 168 views in the anticlockwise direction (Fig 2). This periodically missing projection 

views lead to datasets with non-uniform angular sampling. Although it has been reported 

that uniform/regular view-sampling method (for 360° full-scan) leads guarantee recovery 

(Jorgensen and Sidky, 2015) in full-scan (360°), this non-uniform angular sampling method 

was used for 180-views and 168-views in 270° short-scan due to the limitation of the 

available datasets. For the 204° short-scan, number of projection views less than 170 was 

not considered because of the substantial degradation in image quality. Thus, a total of four 

short-scan acquisition schemes were investigated.

2.C. Image reconstruction

The full-scan (300 views over 360°) projection datasets were reconstructed using FDK 

algorithm with ramp filter and served as the reference for image quality evaluation. The use 

of FDK reconstructions as the reference is appropriate, as this has shown higher sensitivity 

over digital mammography in diagnostic setting (Cole et al., 2015).

The short-scan projection datasets can be approximately reconstructed using analytical 

methods such as the FDK reconstruction with Parker weights (Parker, 1982; Wesarg 

et al., 2002). However, we observed substantial artifacts as seen in Fig 3. Hence, the 

short-scan projection datasets were reconstructed using the FIRST algorithm (Tseng et 
al., 2020), which is a modified version of the ASD-POCS algorithm (Sidky and Pan, 

2008). Interference-like artifacts can be observed in full field-of-view (28 cm × 28 

cm) reconstructions (Tseng et al., 2020) using ASD-POCS and can be mitigated by 

finer sampling of the voxel grid (Zbijewski and Beekman, 2004). However, there is 

concomitant increase in reconstruction time, which, even with graphics processing unit 

(GPU)-acceleration, made it impractical for the real-time interpretation needs for diagnostic 

breast imaging (Tseng et al., 2020). Hence, in the FIRST algorithm, in addition to GPU 

acceleration, the combination of initializing with FDK reconstruction and using ordered 

subsets-simultaneous algebraic reconstruction technique (OS-SART) (Wang and Jiang, 

2004; Gregor and Fessler, 2015) with 1 subset, instead of the algebraic reconstruction 
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technique (ART) (Gordon et al., 1970) in the TV regularization step were implemented, and 

was shown to effectively suppress the artifacts without degrading the image quality and the 

spatial resolution (Tseng et al., 2020). Substantial acceleration of the reconstruction process 

was also observed with the FIRST algorithm (Tseng et al., 2020). Since convergence and 

reasonable image quality by visual inspection can be attained at early iterations (Bian et 
al., 2010), unless stated otherwise 100 iterations were used consistently. For the projection 

and back projection step, representative methods for GPU-accelerated voxel-driven (Peters, 

1981; Biguri, 2018), ray-driven (Biguri, 2018; Siddon, 1985), and distance-driven (Liu et 
al., 2017) approaches were studied. The voxel and ray-driven methods are provided with 

the TIGRE-toolbox (Biguri et al., 2016; Biguri, 2018) and we implemented the distance-

driven method. All reconstructions were full field-of-view (28 cm × 28 cm) with 1024 × 

1024 in-plane voxel matrix and with 0.273 mm isotropic voxel pitch. All reconstructions 

were performed on a single workstation employing a single GPU (Quadro P6000, NVidia 

Corporation, Santa Clara, CA) with 3840 cores and used the GPU-based TIGRE toolbox 

implementation (Biguri et al., 2016) for the entire image reconstruction process.

2.D. Image quality metrics

Traditional image quality metrics such as noise, signal-difference to noise ratio (SDNR), 

the full-width at half-maximum (FWHM) of calcifications were computed for all 

reconstructions including the reference FDK reconstruction with full-scan projection data. 

Bias and root-mean squared error (RMSE) for the short-scan reconstructions were computed 

with the full-scan FDK reconstruction as the reference. All quantitative evaluations were 

performed on images in linear attenuation coefficients (units of 1/cm) and prior to 

transformation to Hounsfield Units (HU).

All cases in this study had microcalcifications. From the reference FDK reconstruction, 

the slice that best depicted the largest calcification in the cluster was identified for each 

case. The identified slice was used to quantify noise, SDNR and FWHM across all 

reconstructions. A fixed region-of-interest (ROI) size of 32×32 pixels was used to quantify 

the mean signal and noise in the adipose (black box in Fig. 4) and the fibroglandular (white 

box in Fig 4) regions. For each case, the ROI location was maintained consistently across all 

reconstructions. Noise was calculated by the variance σA
2  in the adipose region. SDNR was 

computed as the ratio of the absolute difference in the mean signal between fibroglandular 

μG  and adipose μA  regions to the square-root of the average of the variances in these 

regions as expressed below:

SDNR = μG − μA

1
2 σA

2 + σG
2

(1)

Where, σG
2  is the variance in the fibroglandular region. The FWHM of the largest 

calcification (arrow in Fig 4) in each case was computed along the two orthogonal 

directions; the mediolateral direction, denoted as FWHMML and the superior-inferior 
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direction, denoted as FWHMSI. The largest calcification was chosen to improve the 

reliability of the FWHM estimate.

Bias was defined as the mean of the absolute difference in pixel values between the 

reference FDK and the FIRST images within the breast defined by the image mask (Fig 

4b). This was computed as:

bias = 1
N ∑i = 1

N μref , i − μFIRST, i

(2)

Where, N is the total number of the pixels within the breast, μref,i is the value of the i-th 

pixel in the reference FDK image, and μFIRST,i is the value of the i-th pixel in the FIRST 

image. RMSE was calculated as:

RMSE = 1
N ∑i = 1

N μref , i − μFIRST, i
2

(3)

Computation of bias and RMSE used the entire breast volume, except for the region closest 

to the chest-wall due to irregular breast shapes contributing to inaccurate identification of 

skin (Shi et al., 2013) for generating the image masks, and due to beam hardening artifacts 

from the breast support insert present in the cone-beam breast CT system.

2.E. Statistical analysis

All image quality metrics considered in the study were continuous variables and were tested 

for normality assumption (Shapiro-Wilks test). Depending upon whether the normality 

assumption was satisfied, either generalized linear models (repeated measures analysis of 

variance) or its non-parametric equivalent, Friedman’s test, was used to determine if each 

image quality metric differed between the reconstructions. If the metrics different among 

reconstructions, follow-up pairwise analyses were conducted with multiple-comparisons 

(Tukey-Kramer) adjustment. Effects associated with p<0.05 were considered significant. 

Image quality metrics computed with the full-scan FDK reconstruction as the reference (bias 

and RMSE) were tested to determine if they differed from zero (one sample t-test or one 

sample median test, depending on normal distribution). All analyses were performed using 

statistical software (SAS® version 9.4, SAS Institute Inc., Cary, NC).

3. RESULTS

The results from the initial investigations on the forward/backward projection methods and 

the appropriateness of the number of iterations are presented first, followed by the image 

quality evaluation of the various short-scan, sparse-view reconstructions. In order to assist in 

visual analyses, a representative case for each of small, medium and large breasts are shown. 

The diameter of the breast at the chest wall were 9.71, 13.95, and 15.73 cm, respectively, 

for the small, medium and large breasts. The same set of cases are shown for consistency. 

All images shown are 5 slice average centered about the calcified lesion and is consistent 

Tseng et al. Page 7

Biomed Phys Eng Express. Author manuscript; available in PMC 2022 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with standard clinical interpretation, which uses a scrolling/moving average of 5 or 10 slices. 

All images are prior to transformation to Hounsfield Units (HU) and hence are in units of 

linear attenuation coefficient (cm−1). A consistent display window of [0.15, 0.35] cm−1 is 

used throughout the manuscript.

3.A. Voxel, ray and distance-driven methods

The results from voxel, ray, and distance-driven forward/back projection methods 

implemented with FIRST algorithm using full-scan dataset (300 views; 360°) are shown 

in Fig 5 for the representative cases of small, medium, and large breasts. For different 

breast sizes, no discernible artifacts or differences were observed among these methods. The 

reconstruction time with GPU implementation (Quadro P6000, NVidia Corporation, Santa 

Clara, CA) for an example case of large breast is summarized in Table 2. The reported 

reconstruction time is normalized to per slice and per iteration. The reconstruction time of 

the ray-driven method was slightly faster than the voxel-driven and substantially faster than 

the distance-driven approaches. Hence, the ray-driven method was used hereon throughout 

the study for both forward projection and back projection steps to accelerate the image 

reconstruction process.

3.B. Convergence analysis

Defining ϵ as the l2 distance between the estimated sinogram g , and the acquired or 

measured sinogram, gdata, the FIRST algorithm seeks a solution to satisfy the following 

equations (Sidky and Pan, 2008),

f = Argumentmin f TV

(4)

g − gdata ≤ ϵ

(5)

f ≥ 0,

(6)

Equation (4) is the constrained TV minimization, the equation (5) is the data-consistency 

constraint, and the equation (6) is the enforcement of non-negativity. The ϵ is the parameter 

used for optimization process, and it is also indicated as a bound of the error between the 

estimated projections and the true projections. Ideally, ϵ should be zero when the number 

of iterations is infinity. However, it is not practical to have infinite number of iterations. 

Therefore, we devised a relaxed convergence condition of ϵ ≤ 10−4 that is consistent with 

prior literature (Bian et al., 2014).

Hyper-parameters used in our previous study (Tseng et al., 2020) were based on full-scan 

and non-sparse-view data sets, i.e. complete data sets. We kept all hyper-parameters as in 
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the prior study except for the number of TV iterations. One each of large, medium, and 

small size breasts among the 30 cases were selected for optimizing the number of TV 

iterations. For each breast and sampling scheme, the number of TV iterations were varied 

and the ϵ values were calculated. Two methods (A and B) were used to determine the 

value of ϵ. Method A was based on visual assessment. This is illustrated for a large breast 

in Fig 6 for the short-scan trajectory with 225 views in 270°. When the number of TV 

iterations increase, the noise decreases (Fig 6b to 6f). However, the images appear blocky 

when the number of TV iterations is large (Fig 6b to 6d). On the other hand, the image 

looks noisy (Fig 6f) when the number of TV iterations is small. Two American Board of 

Radiology-certified diagnostic medical physicists with more than 20 years of experience in 

breast imaging reviewed the images. Visibility of microcalcifications and fine structures, 

noise, blocky or patchy background, and artifacts were considered for ranking the images. 

The median of the two medical physicist rankings was used to determine the best choice. For 

the example case, 15 TV iterations (Fig 6e) had the highest median ranking and provides a 

better balance based on visual analysis.

Method B was suggested by Bian et. al (Bian et al., 2014) and uses the area under the 

image power spectrum (AUP). Representing the power spectrum as P(k), where k is the 

spatial frequency, we have empirically shown (Vedantham et al., 2012b) that the anatomical 

structures are dominant at 0.1 ≤ k ≤ 0.5 cycles/mm. The system noise content, measured 

with homogenous phantoms, dominate at k > 0.5 cycles/mm (Benitez et al., 2009). Two 

AUP values (Ap and Bp) were calculated. Ap is the AUP, where 0.1 ≤ k ≤ 0.5 cycles/mm. 

Bp is the AUP, where k > 0.5 cycles/mm. Varying the number of TV iterations, Ap, Bp 

and ϵ were obtained, from which the derivative of AUP (Ap and Bp) with respect to ϵ 
decreases. Hence, in Fig 7, the higher values of ϵ are to the left in x-axis. The derivative of 

Ap (red were computed and plotted Fig 7. Please note that as the number of TV iterations 

increase, the ϵ dashed curve) is near zero when ϵ is smaller than the threshold ϵp, indicating 

that there is no change in terms of anatomical structure with increasing the number of TV 

iterations. However, the derivative of Bp (blue dashed curve) still increases, which implies 

that the changes in noise continues beyond ϵp. In this example case, the number of TV 

iterations associated with the ϵ that was just larger than ϵp is 15 and this is consistent with 

our visualization method.

The aforementioned two methods were performed for all short-scan and sparse-view 

trajectories with representative cases of large, medium, and small breasts. The two methods 

were consistent in identifying the optimal number of TV iterations (Table 3). We also 

investigated the effect of number of OS-SART iterations. We did not observe a difference in 

the images after 80 and 100 iterations of the FIRST algorithm using full-scan dataset (300 

views; 360°) for the small, medium, and large breasts (Fig 8).

3.C. Qualitative evaluation

Figures 9 through 11 show the three orthogonal planes from all four short-scan, sparse-

view reconstructions using the FIRST algorithm for the small, medium and large breasts, 

respectively. The reference full-scan FDK scan is also included in each figure and the 

calcified lesion is marked by an arrow. In each figure, the top, middle and bottom rows 

Tseng et al. Page 9

Biomed Phys Eng Express. Author manuscript; available in PMC 2022 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



correspond to coronal, axial and sagittal planes, respectively. The three orthogonal planes 

are shown to allow for visual analysis of artifacts, if present. In each figure, the columns 

from left to right are: reference FDK reconstruction with full-scan dataset (300 views; 360°), 

short-scan FIRST reconstructions arranged by number of views, viz., 225 views in 270°, 180 

views in 270°, 170 views in 204° and 168 views in 270°. In each panel, the reconstructed 

image is cropped to encompass the entire breast. Beam hardening artifacts from the breast 

support insert can be observed at slices close to the chest wall in axial and sagittal images. 

No scatter correction techniques (Shi et al., 2016, 2017, 2018) were employed, resulting in 

cupping artifacts (darker shading) near the center of the breast that is better visualized in the 

coronal views (top row). Visually, the images from FIRST reconstructions are similar to the 

corresponding reference full-scan (300 views; 360°) FDK reconstruction (left column), even 

when the number of projections is reduced to 168 views (right column). With the FIRST 

reconstructions, there is a reduction in graininess in the image and there do not appear to be 

any additional artifacts. However, for the 180 views in 270° and 168 views in 270°, both of 

which use non-uniform sampling, there is some degradation of image quality, which is more 

noticeable in sagittal views in Fig 9. Assuming the AGD to the breast scales linearly with 

the number of views, this translates to approximately 56% of the dose from full-scan FDK 

reconstruction.

3. D. Visualization of microcalcifications

While figures 9 through 11 show the entire breast, it is difficult to assess the calcifications. 

Hence, figure 12 shows the zoomed-in view of the calcifications within the small, medium 

and large breasts. For brevity, only the cross-sectional slice corresponding to the coronal 

plane is shown. Visually, the conspicuity of calcifications with short-scan, sparse-view 

FIRST reconstructions appear similar to the reference full-scan FDK reconstruction. With 

FIRST reconstructions, reduction in background noise (graininess) is readily apparent. 

Qualitatively, the four short-scan reconstructions appear similar. However, near the vicinity 

of the calcification there appears a slight increase in beam hardening artifacts for the 

sparse-view, short-scan reconstruction with 168 views in 270° (right column, Fig 12) for one 

of the cases, corresponding to a small breast (top row, Fig 12).

3. E. Quantitative results

The summary statistics are provided in Table 4. The AGD is also included in the table 

for completeness. The AGD was computed by linearly scaling the AGD (Vedantham et al., 
2013c) from the reference full-scan (300 views; 360°) by the number of views. None of 

the image quality metrics satisfied the normality assumption (P<0.04, Shapiro-Wilks test). 

Hence, the P-values from the non-parametric Freidman’s test are reported in Table 4. For 

each image quality metric, there was a significant difference among all reconstructions 

(P<0.0006, Cochran-Mantel-Haenszel statistic). Since bias and RMSE were computed with 

respect to the reference FDK reconstruction, the reported p-values are from comparisons 

among the four short-scan FIRST reconstructions. For the remaining image quality metrics 

(SDNR, FWHM and variance), the reported p-values are from comparisons among the all 

five reconstructions including the reference full-scan FDK reconstruction.
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3.E.1. Comparison with reference full-scan reconstruction—The median values 

of the bias metric in short-scan reconstructions, computed with the full-scan FDK as 

the reference, were very low (8.6×10−4 – 10.3×10−4 cm−1), but not zero (P<0.0001, 

one-sample median test). Similarly, the RMSE (median) in each short-scan reconstruction 

was low (6.8×10−6 – 9.8×10−6 cm−1), but not zero (P<0.0001, one-sample median 

test). The FWHMML from each short-scan reconstruction did not differ significantly 

from the reference FDK reconstruction (P>0.118). The FWHMSI from each short-scan 

reconstruction did not differ significantly from the reference FDK reconstruction (P>0.389), 

except for the short-scan reconstruction with 168 views in 270°, which was marginally 

significant (P=0.046). The SDNR and the variance from each short-scan reconstruction were 

significantly different from the reference full-scan FDK reconstruction (P<0.0001).

3.E.2. Comparisons among short-scan reconstructions—Fig 13 shows the box 

plot of the image quality metrics from short-scan reconstructions. For each metric, the best 

performance is achieved with 225 views in 270°. The SDNR decreases as the number of 

views are reduced and this is due to progressive increase in variance. In terms of bias, RMSE 

and FWHM, 170 views in 204°, which has the same angular interval (1.2° equiangular) as 

225 views in 270°, performed better than 180 and 168 views in 270°. This suggests that the 

sampling interval is also an important consideration. It is relevant to note that 180 and 168 

views in 270° used non-uniform sampling.

In pairwise comparisons, all pairs of short-scan reconstructions significantly differed 

(P<0.0001) in both RMSE and bias, with 225 views in 270° providing the lowest values, 

followed by 170 views in 204°, 180 views in 270° and 168 views in 270°. The FWHMML 

did not differ significantly between the 180 and 168 views (in 270°) reconstructions 

(P=0.911), but differed (P<0.047) for all other pairs of short-scan reconstructions. Pairwise 

comparisons of FWHMSI from 225 views in 270° did not differ from other short-

scan reconstructions (P>0.06). All other pairwise comparisons significantly differed in 

FWHMSI (P<0.006). In terms of SDNR, all pairs of short-scan reconstructions significantly 

differed (P<0.0001). The variance significantly differed among each pair of short-scan 

reconstructions (P<0.031), except between 170 views in 204° and 180 views in 270° 

(P=0.083).

A radar chart (Fig 14) is helpful in visualizing the trade-offs in image quality metrics 

among the four short-scan reconstructions. For each image quality metric, the mean rating 

from the sample size of n=30 subjects (cases) is used to construct the chart for each short-

scan reconstruction. The best performance, which corresponds to the lowest bias, variance, 

FWHM and RMSE, and the highest SDNR, is assigned a rating of 1, and a rating of 4 

corresponds to the worst performance among the four short-scan reconstructions. Overall, 

225 views in 270° provided the best performance. Although the mean rating for FWHMSI 

appears worse with 225 views in 270°, it is relevant to note that this was not significantly 

different (P=0.359) from 170 views in 204°, which had the highest rating. Also, it is clear 

that 168 views in 270° provided the worst performance, among the conditions considered. 

Comparing 170 views in 204° with 180 views in 270°, all of the image quality metrics 

with the exception of variance and SDNR were better with 170 views in 204°. The reduced 

variance and consequently the increase in SDNR observed with the 180 views in 270° 
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short-scan can be attributed to the increased number of views (180 vs 170). These additional 

10 views contribute to approximately 6% increase in AGD compared to 170 views. In 

summary, the analyses indicate the following: In terms of RMSE and bias, the rank order 

from best-to-worst is: 225 views in 270°; 170 views in 204°; 180 views in 270° and 168 

views in 270°. In terms of FWHM, the rank order is: 225 views in 270° and 170 views in 

204° (tie, not statistically different), followed by, 180 views in 270° and 168 views in 270°.

4. DISUCSSION

Referring to Table 4, the observed bias (median) values in short-scan reconstructions 

of 8.6×10−4 cm−1 to 10.3×10−4 cm−1 are approximately equivalent to 0.9–1.0 HU. In 

comparison, the noise in the reference full-scan FDK reconstruction, computed as the 

square-root of the variance is 7.7×10−3 cm−1, is approximately one magnitude higher. Thus, 

the observation that the bias values in short-scan reconstructions differed from zero could be 

due to the noise in the full-scan FDK reconstruction, which was used as the reference for 

these computations. A similar observation can also be made for RMSE. It is also relevant to 

note that we chose the largest calcification in the breast for computing the FWHM, in order 

to improve reliability.

The full-scan data (300 views) were collected with uniform angular sampling (1.2°) in 360°. 

The short-scan and sparse-view data, in this study, were retrospectively taken from these 

full-scan datasets. Thus, angular sampling was uniform (1.2°) in some cases (225 views 

in 270° and 170 views in 204°) and was periodically non-uniform or quasi-uniform (1.2°/

2.4°) in the other two cases (180 and 168 views in 270-degree). Although Jorgensen and 

Sidky(Jorgensen and Sidky, 2015) suggested to use uniform angular sampling for full-scan 

(360°) sparse-view acquisition in compressed sensing techniques, but remains a question 

for short-scan acquisition. This study was not designed to address this question, due to the 

retrospective use of clinical datasets with predefined angular sampling interval.

Regarding the AGD for short-scan trajectories, this was computed by linearly scaling the 

AGD from full-scan acquisition (300 views; 360°) by the number of views. This assumes 

that the radiation dose per view is uniform. While the tube current (mA) per projection was 

maintained constant throughout the acquisition for each breast, this assumption is strictly 

valid only if the breast is aligned with the axis of rotation and the breast is symmetric 

about the axis of rotation. Thus the AGD reported is an approximation. Investigation into 

the effects of breast positioning and breast shape in short-scan trajectory on AGD and the 

dose distribution is subject of ongoing research and will be reported in future. The scan 

time for the US FDA approved breast CT system is 10 seconds and is primarily due to the 

limited frame rate (30 frames/second) of the detector used in the system. The reduction in 

the number of views in conjunction with faster frame-rate detectors that are available could 

substantially reduce scan time such that it is comparable to digital breast tomosynthesis 

(Vedantham et al., 2015a).

Importantly, this study demonstrates that the angular range considered for the short-scan 

trajectory can provide for artifact-free images with substantial reduction in image noise and 
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without loss of spatial resolution. Implementing a short-scan trajectory in a prone breast CT 

system is relatively simple.

In summary, we have investigated the potential of short-scan, sparse-view reconstruction 

for use in dedicated cone-beam breast CT system using a highly-accelerated variant of 

ASD-POCS, referred to as FIRST reconstruction (Tseng et al., 2020). The short-scan 

reconstructions were visually similar to full-scan FDK reconstruction with substantial noise 

reduction, in spite of fewer projection views. Quantitative analyses verified these visual 

observations with a noticeable reduction in variance, which contributed to a significant 

improvement in SDNR. It was also shown that the method did not increase bias or RMSE, 

and the spatial resolution was similar to full-scan FDK reconstruction.

Evaluation of the quality of images generated by these alternative reconstruction techniques 

is important. In addition to metrics such as bias, noise (variance), SDNR, and spatial 

resolution (FWHM), task-specific evaluation is important. Optimally, such image quality 

assessment should be measured by an observer based upon clinically relevant tasks such as 

the detection of the lesion or estimating the tumor volume. However, at this early design 

stage, it is more efficient and cost-effective to analyze the image quality that is achievable 

using standard or conventional image quality metrics, such as those used in this study, prior 

to conducting a reader study. The focus of this study is to identify the radiation dose range 

which could give us reasonable and acceptable image quality with short-scan, sparse-view 

image reconstruction using FIRST algorithm, before proceeding to a reader study. An 

alternative approach using deep-learning (Fu et al., 2019) based sparse-view reconstruction 

is also potentially feasible and is the subject of ongoing research.

5. CONCLUSIONS

We have demonstrated the feasibility of short-scan, sparse-view reconstruction using FIRST 

algorithm in clinical breast CT datasets. Artifact-free reconstructions with substantial 

reduction in image noise and without loss of spatial resolution is feasible with short-scan 

trajectories covering an angular range of 204° to 270°. Results from quantitative analysis 

show the ability to achieve improved performance with short-scan FIRST reconstruction 

compared to full-scan FDK reconstruction. The study shows that when the angular sampling 

interval is maintained constant, increasing the angular range which results in more number 

of views, provided better quantitative results; but, at the cost of increased radiation dose. 

Within the constraints of the available clinical datasets, 225 views in 270° performed the 

best, followed by 170 views in 204°, in terms of quantitative metrics. It is relevant to note 

that both these trajectories used uniform angular sampling. These results also demonstrate 

the potential for compressed sensing based image reconstruction algorithms to yield better 

image quality, even when the number of views is substantially reduced. The fewer number 

of views allows for substantial reduction in radiation dose to the breast and scan time, which 

enables the potential clinical use of breast CT in a screening environment and could greatly 

accelerate its clinical adoption.
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Fig1. 
A: Schematic (anterior view) of short-scan, cone-beam breast CT system. B: Geometric 

parameters pertaining to system design. The x-ray source traverses an arc (−α, +α) inferior 

to the breast. SAD and SDD are the distances from the source to the axis-of-rotation and 

detector, respectively.
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Fig 2. 
Short-scan and sparse-view acquisitions schemes. The black curve presents the trajectory of 

the x-ray source. Projections corresponding to green circles were included and projections 

corresponding to red squares were excluded during image reconstruction. The dotted circle 

represents the imaged breast (not drawn to scale). (a) All 225 projections in 270° trajectory 

were selected, which results in uniform angular sampling. (b) 80% of 225 projections (the 

third projection was excluded in every five projections sub-group) were chosen, which 

results in 180 views over 270° trajectory with non-uniform angular sampling. (c) 75% of 

225 projections (the third projection was excluded in every four projections sub-group) were 

chosen, resulting in 168 views over 270° trajectory with non-uniform angular sampling. 

(d) All 170 projections in 204° trajectory angle were used, resulting in uniform angular 

sampling.
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Fig 3. 
Sagittal views (5-slice average) from FDK reconstructions. Left column is the reference full-

scan FDK reconstruction. The arrows indicate the calcifications. The remaining 4 columns 

are short-scan FDK reconstructions with Parker weights. Circles mark the artifacts. The 

display window is [0.15 0.35] cm−1.
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Fig 4. 
(a) An example (single slice) showing the region-of-interest (ROI) for adipose (white box) 

and fibroglandular (black box) regions used to calculate noise and SDNR. A fixed ROI size 

of 32×32 pixels was used in all cases. The dynamic range is [0.15 0.35] cm−1. The FWHM 

was calculated for the largest calcification in the cluster (arrow) along two orthogonal 

directions. (b) RMSE and bias were computed within the breast identified by the image 

mask corresponding to the slice in (a).
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Fig 5. 
Images (5-slice average) reconstructed by FIRST algorithm using different projection and 

back projection methods using full-scan dataset (300 views; 360°). The left, middle, and 

right columns are the images generated by the voxel-, ray-, and distance-driven methods, 

respectively. The top, middle, and bottom rows are the images of small-, medium-, and 

large-size breasts, respectively. The arrows indicate the calcifications. The display window is 

[0.15 0.35] cm−1.
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Fig 6. 
Reconstructed Images (5-slice average). (a) Reference FDK full-scan (300 views in 360°) 

reconstruction. (b–f) FIRST reconstruction of short-scan trajectory (225 views in 270° with 

uniform sampling) with 30, 25, 20, 15 and 10 TV iterations, respectively. The bottom row 

shows the zoomed-in views. The arrows indicate the calcifications. The display window is 

[0.15 0.35] cm−1.
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Fig 7. 
The derivative of the area under the power spectrum (AUP) values (Ap and Bp) with respect 

to ϵ. The value of ϵ in the x-axis decreases from left to right. Ap is the AUP computed 

within the spatial frequency (k), 0.1 ≤ k ≤ 0.5 cycles/mm. Bp is the AUP computed for k > 

0.5 cycles/mm.
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Fig 8. 
Reconstructed images (5-slice average) after 80 and 100 iterations using FIRST algorithm 

with full-scan dataset (300 views; 360°). Images are processed by 5 slices average. The 

left and right column are the images generated by 80 and 100 iterations, respectively. The 

top, middle, and bottom row are the images of small-, medium-, and large-size breasts, 

respectively. The arrows indicate the calcifications. The display window is [0.15 0.35] cm−1.
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Fig 9. 
Reconstructed images (5-slice average) of a small breast. The columns from left to right 

are the reference FDK (300 views; 360°), followed by short-scan FIRST reconstructions 

arranged by number views in descending order, viz., 225 views in 270°, 180 views in 270°, 

170 views in 204° and 168 views in 270°. The top, middle and bottom rows correspond 

to coronal, axial and sagittal planes, respectively. The arrows mark the largest calcification, 

which was used for FWHM measurement. The display window is [0.15 0.35] cm−1.
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Fig 10. 
Reconstructed images (5-slice average) of a medium breast. The columns from left to right 

are the reference FDK (300 views; 360°), followed by short-scan FIRST reconstructions 

arranged by number views in descending, viz., 225 views in 270°, 180 views in 270°, 170 

views in 204° and 168 views in 270°. The top, middle and bottom rows correspond to 

coronal, axial and sagittal planes, respectively. The arrows mark the largest calcification, 

which was used for FWHM measurement. The display window is [0.15 0.35] cm−1.
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Fig. 11. 
Reconstructed images (5-slice average) of a large breast. The columns from left to right 

are the reference FDK (300 views; 360°), followed by short-scan FIRST reconstructions 

arranged by number views in descending order, viz., 225 views in 270°, 180 views in 270°, 

170 views in 204° and 168 views in 270°. The top, middle and bottom rows correspond 

to coronal, axial and sagittal planes, respectively. The arrows mark the largest calcification, 

which was used for FWHM measurement. The display window is [0.15 0.35] cm−1.
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Fig 12. 
Reconstructed images (5-slice average) with zoomed-in view of the calcifications. The 

columns from left to right are the reference FDK (300 views; 360°), followed by short-scan 

FIRST reconstructions arranged by number views in descending order, viz., 225 views in 

270°, 180 views in 270°, 170 views in 204° and 168 views in 270°. The top, middle and 

bottom rows correspond to small, medium and large breasts, respectively. The arrows mark 

the largest calcification in each breast, which used for FWHM measurement. The display 

window is [0.15 0.35] cm−1.
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Fig 13. 
Box plot of the image quality metrics [A: Bias; B: Variance; C: Full-Width at Half-

Maximum (FWHM) of the largest calcification along the mediolateral direction; D: FWHM 

of the largest calcification along the superior-inferior direction; E: Root Mean Squared 

Error (RMSE); and F: Signal Difference-to-Noise Ratio (SDNR)]. The box represents the 

interquartile range, the line within the box denotes the median, and the whiskers correspond 

to the minimum and maximum.
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Fig 14. 
Radar chart of the short-scan reconstructions. For each image quality metric, the mean rating 

(n=30 cases) is used to construct the chart for each short-scan reconstruction. A rating of 1 

corresponds to the best performance (lowest bias, variance, FWHM and RMSE, and highest 

SDNR) and a rating of 4 corresponds to the worst among the four short-scan reconstructions. 

[FWHM: Full-width at Half-Maximum; SDNR: Signal-Difference to Noise Ratio; RMSE: 

Root Mean Squared Error].
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Table 1.

Characteristics of cases included in the study [reported as median (1st quartile – 3rd quartile)].

Age (years) 51 (46 – 57)

Chest-wall to nipple length (cm) 9.9 (7.9 – 11.9)

Diameter at chest-wall (cm) 13.5 (12 – 15.1)

Total breast volume (cm3) 376.7 (195.3 – 709.6)

Volumetric glandular fraction (%) 10.6 (6.5 – 17.8)

Fibroglandular weight fraction, fq (%) 11.7 (7.3 – 19.5)

Average glandular dose (mGy) 11.4 (9.9 – 14.4)
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Table 2.

Reconstruction time (milliseconds per slice per iteration) for an example case of a large breast with 100 OS-

SART iterations and 10 TV iterations.

Sampling scheme Ray-driven Voxel-driven Distance-driven

225 views, 270° 35.8 41.0 69.0

180 views, 270° 30.4 34.4 58.8

168 views, 270° 27.9 31.1 52.3

170 views, 204° 27.0 29.8 50.9
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Table 3.

Summary of number of TV iterations used for large, medium, and small breasts.

225 views, 270° 180 views, 270° 168 views, 270° 170 views, 204°

Visual Assessment AUP Visual Assessment AUP Visual Assessment AUP Visual Assessment AUP

Large breast 15 15 15 15 10 10 10 10

Medium breast 10 10 10 10 10 10 15 10

Small breast 5 or 10 10 10 10 5 or 10 10 10 10
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Table 4.

Summary statistics of image quality measures from reference full-scan FDK reconstruction (300 views in 

360°) and short-scan FIRST reconstructions with 225, 180 and 168 views in 270°, and 170 views in 204°. All 

metrics are reported as median (1st quartile, 3rd quartile) and were computed using linear attenuation 

coefficients in units of cm−1. Bias and RMSE were computed with respect to the reference FDK 

reconstruction. [AGD: Average Glandular Dose; FWHM: Full-Width at Half-Maximum; RMSE: Root-Mean-

Squared Error].

Full-scan 
(reference) Short-scan P-values

Reconstruction 
algorithm FDK FIRST

Angular range 360° 270° 204°

Number of views 300 225 180 168 170

Angular sampling Uniform Uniform Non-uniform Non-uniform Uniform

AGD (mGy) 11.4 (9.9, 14.4) 8.5 (7.5, 10.8) 6.8 (6.0, 8.6) 6.4 (5.6, 8.1) 6.4 (5.6, 8.2)

Variance (× 10−6 cm−2) 58.1 (47.4, 87.1) 4.5 (1.7, 7.2) 5.7 (2.1, 15.9) 10.8 (5.2, 22.7) 8.5 (4.0, 17.6) P<0.0001

SDNR 6.9 (5.4, 7.7) 14.1 (10.2, 19.7) 11.3 (8.9, 17) 9.0 (8, 13.3) 10.6 (8.0, 13.4) P<0.0001

FWHMML (mm) 1.37 (1.09, 1.71) 1.37 (1.09, 1.64)
1.37 (1.09, 

1.71)
1.37 (1.09, 

1.92) 1.37 (1.09, 1.64) P=0.0003

FWHMSI (mm) 1.37 (1.30, 1.91) 1.37 (1.09, 1.98)
1.64 (1.37, 

1.91)
1.64 (1.37, 

2.19) 1.37 (1.09, 1.91) P=0.0006

Bias (× 10−4 cm−1) N/A 8.6 (7.4, 9.0) 8.9 (7.6, 10.7) 10.3 (7.8, 12.9) 8.9 (7.7, 9.5) P<0.0001

RMSE (× 10−6 cm−1) N/A 6.8 (5.3, 8.4) 9.0 (6.1, 10.5) 9.8 (7.1, 13.1) 7.5 (6.2, 9.8) P<0.0001
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