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Abstract

Hounsfield Units (HU) are used clinically in differentiating tissue types in a reconstructed CT 

image, and therefore the HU accuracy of a system is important, especially when using multiple 

sources, novel detector and non-traditional trajectories. Dedicated clinical breast CT (BCT) 

systems therefore should be similarly evaluated. In this study, uniform cylindrical phantoms filled 

with various uniform density fluids were used to characterize differences in HU values between 

simple circular and complex 3D (saddle) orbits. Based on ACR recommendations, the HU 

accuracy, center-to-edge variability within a slice, and overall variability within the reconstructed 

volume were characterized for simple and complex acquisitions possible on a single versatile BCT 

system. Results illustrate the statistically significantly better performance of the saddle orbit, 

especially close to the chest and nipple regions of what would clinically be a pendant breast 

volume. The incomplete cone beam acquisition of a simple circular orbit causes shading artifacts 

near the nipple, due to insufficient sampling, rendering a major portion of the scanned phantom 

unusable, whereas the saddle orbit performs exceptionally well and provides a tighter distribution 

of HU values throughout the reconstructed volumes. This study further establishes the advantages 

of using 3D acquisition trajectories for breast CT as well as other applications by demonstrating 

the robustness of HU values throughout large reconstructed volumes.
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1. Introduction

The quality of images and accuracy of CT Hounsfield Unit (HU) values of different scanned 

targets are important metrics to determine the performance of any cone beam CT (CBCT) 

system. HU values provide a standardized scale, across different CT imaging systems, 

corresponding to a physical radio density, i.e. radiographically different type of tissue [1–5]. 

HU values are a linear transformation of attenuation coefficients with respect to water, 

which assists radiologists to identify and characterize differences between radiographically 

similar tissues [2]. Furthermore, it is important to remember that classically the 

transformation to HU is performed with polychromatic x-ray beams that measure both the 

water-filled structure of interest, and is compared under similar measurement conditions 

with the unknown biological (patient) distribution. For any reconstructed CT volume, the 

HU value at a voxel of interest can be calculated as follows:

HU = 1000
μMeasured − μWater

μWater
(1)

where, μmeasured is the effective linear attenuation coefficient of the voxel under 

consideration, μWater is the effective linear attenuation coefficient of water measured under 

the same imaging conditions. The HU for distilled water is defined as 0, and that for air is 

defined as −1000.

HU values depend on a number of factors like x-ray beam spectral energy distribution, 

scattered radiation, beam hardening, and reconstructed image artifacts. Since x-ray beams 

used in CT are not monochromatic, the incident x-ray spectra, and subsequent beam 

hardening inherently affect HU values. Simply put, objects of different size but otherwise 

identical properties will yield images with different average HU values; moreover, the gray 

level distribution (and contrast and noise) between those objects will be different. Scattered 

radiation, especially in cone beam imaging, and the accuracy of the scatter correction 

method employed would also affect HU values; these differences can be easily 

characterized. Previous work by our group has investigated the accuracy of reconstructed 

linear attenuation coefficients of various breast tissue types imaged with quasi-

monochromatic cone beam CT (CBCT), following beam stop array (BSA) scatter correction 

[6]. Results showed that reconstructed attenuation coefficients were within 8% of standard 

NIST reported values, and for densities lower than water within 5% [6, 7]. The dependence 

of scatter corrected attenuation coefficients on object diameter has also been previously 

investigated [8]. The study reported a linear increase in attenuation coefficients with 

reduction in object diameter. However, these studies did not consider the effect of different 

acquisition orbits on linear attenuation coefficients. For tilted trajectories, as the polar tilt 

angle of the system changes, the angle of incidence of the x-ray beam changes, thereby 

changing the path lengths of the x-rays incident on the target volume [28, 30]. This results in 

differences in the dose distribution [9], and scatter distribution [10], which in turn would 

affect the reconstructed absolute attenuation coefficients and thereby the HU values.
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Commercial CBCT systems developed by different manufacturers use system specific offset, 

gain, scatter, and artifact correction protocols, which are usually proprietary. In addition to 

different image correction and reconstruction methods, the quality of reconstructed images 

within each individual system also depends on a combination of system geometry and x-ray 

technique factors. These system specific differences alone result in a large variability in HU 

values, making it difficult to determine specific materials based on absolute HU values alone 

[11]. In order to standardize the image quality (including HU values) obtained across 

different systems, and to establish clinically acceptable limits for HU variation, the 

American College of Radiology (ACR) has developed a CT accreditation program and 

associated guidelines for narrow beam CT [12]. The guidelines recommend scanning the 20 

cm diameter ACR CT accreditation phantom (Model 464, Gammex Inc, Middleton, WI) 

which is designed to measure HU accuracy, low contrast resolution, uniformity and noise 

measurements, under different clinically used adult and pediatric acquisition protocols.

The ACR guidelines state that, regardless of acquisition protocols, average water HU values 

measured on the water insert should be within ±7 HU. Additionally, the center to edge 

uniformity in a coronal slice should be within ±5 HU of the mean measured in the center. 

However similar guidelines for multi-detector row (wide angle) CBCT systems are currently 

non-existent. The CT guidelines cannot be directly applied to CBCT systems due to a large 

difference in scatter radiation, which is much higher for wide cone angle x-ray beams; the 

reconstruction algorithms used for CBCT systems are also necessarily different, and 

substantially increase image noise [13, 14]. Various manufacturers and other authors have 

experimentally determined some quality assurance (QA) guidelines and a range of image 

quality values that CBCT systems can comply with [15–17]. Hobson et al. [16] have 

recently also published similar guidelines for CBCT systems wherein they suggest an 

acceptable range of ±16 HU for water in a reconstructed volume, and ±22 HU variation from 

center to edge in a coronal slice. This study aims to characterize the HU values of a 

dedicated and versatile BCT system and more importantly, tease out acquisition trajectory 

related differences in HU variability and uniformity for various cylindrical phantoms of 

different sizes and range of clinically viable breast densities.

2. Materials and methods

2.1. Cylindrical phantom measurements

In order to make a robust measurement of HU uniformity, three uniform cylinders of 

different sizes (15, 12.5, 10 cm diameters and 20 cm height) filled with three different water-

methanol mixtures (Table 1) were scanned using the dedicated breast CT system extensively 

described in previous publications [9, 10, 18]. The PMMA cylinders with uniform 3 mm 

thick walls around and on bottom were placed at the center of the rotational axis (70 cm 

SID) with the fluid level above the top of the 32 degree x-ray cone beam, and 240 total 

projections were acquired over 360 azimuthal angles. CT scans were performed with two 

different acquisition orbits (±15° saddle and simple azimuthal orbit (AZOR), Fig. 1) for all 

phantom diameter and density conditions. The AZOR orbit used for this study had a 6.5 

degree fixed tilt, similar to other breast CT systems that incorporate a fixed tilt, in order to 

get the top plane of the cone beam nearly perpendicular to the flat panel detector [19–24].
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The x-ray technique factors were set to 49 kVp, 1.25 mAs per projection, with 0.005 cm W 

filtration. The projection images were scatter corrected using a BSA scatter correction 

method [6, 25], and reconstructed using an iterative, OSC algorithm [26] to a 768 768 × 768 

image volume of linear attenuation coefficients, having 0.388 mm voxels. Twenty five×(25) 

artifact free slices, near the 3D center of the phantom, near the level of the central x-ray 

beam, were used to avoid any cone beam artifacts introduced by the diverging beam when 

measuring μWater. A circular ROI, having an ACR recommended [12] area of ~400 mm2, 

was used to measure the average μWater (Fig. 2). These μWater values were used to convert 

the attenuation coefficients of individual reconstructed volumes to HU.

2.2. HU variability & accuracy - entire volume

The HU variability throughout the entire volume was determined by measuring the average 

HU in every slice. A MATLAB based algorithm was developed to measure circular ROIs 

encompassing about 70% of the coronal slice (not explicitly shown here, but similar to Fig. 2 

above) and measuring the average HU, slice by slice, throughout the entire volume. The 

ACR does not specify any guidelines for slice by slice HU variability measurements in a 

reconstructed volume. However, since we used uniform cylindrical phantoms filled with 

variable aqueous densities, we performed slice by slice measurements in order to investigate 

location and trajectory related differences throughout the entire volume. The measurements 

were repeated for all water filled phantoms of different diameters. HU variability throughout 

the volume was determined as the range of average HU values recorded across all slices. 

Locations of the slices were selected to include the cone beam artifacts near the top and the 

bottom, thereby allowing comparison between HU distributions for AZOR and saddle orbits. 

Histograms were measured at three coronal slices across the volume: top (slice 150), mid 

(slice 350) and bottom (slice 500) (Fig. 2, Right). Note that the 12.5 cm cylinder was 

positioned lower in the FOV compared to the other phantoms; this was unintentional from a 

setup point of view, however it resulted in the bottom of the cylinder positioned around slice 

530.

Another metric evaluated was the HU accuracy, in order to compare our results with ACR 

recommended values. For HU accuracy measurements, the ACR recommends measuring a 

200 mm2 ROI on the reconstructed water insert of the HU accuracy module. These 

measurements are generally made on data acquired with the Gammex phantom centered in 

the CT FOV, after applying all system corrections, in order to obtain an artifact free coronal 

slice. Since we used uniform water filled-cylinders, HU accuracy measurements were made 

using a 400 mm2 ROI, on an artifact free coronal slice in the center of the volume – slice 

350 (Fig. 2, Right).

To verify statistical significance of the HU values obtained from the saddle and AZOR 

acquisitions, the average HU measured in every slice was compared using Levene’s 

inferential statistical test for assessing the difference in uniformity between the two orbits. 

The test was repeated for the different diameter cylinders filled with different densities – 9 

total data sets, and a significance criterion of p < 0.01 was used to determine statistical 

significance.
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2.3. HU uniformity - center to edge

In addition to characterizing the HU variability and accuracy, the uniformity of HU values 

within a coronal slice also needs to be investigated. The ACR guidelines for (non-cone 

beam) CT recommend using circular ROIs ~200 mm2 in area, on a 10 mm thick coronal 

slice of the volume, at one center position and 4 edge positions (Fig. 3 Left). The centers of 

the edge ROIs were manually placed approximately one ROI diameter away from the 

phantom edge. The mean HU for all 5 ROIs was recorded. The measurement was repeated at 

5 different coronal slice locations between slice numbers 200–400, to obtain more robust, 

artifact free average values in the sagittal plane (Fig. 3). At each indicated location, an 

average of 25 subsequent slices was obtained to create a 10 mm thick slice for 

measurements.

2.4. HU accuracy of water: Methanol mixtures

As published previously [25, 31], we use the 75:25% and 50:50% water:methanol mixtures 

to simulate 50:50% glandular:adipose and 100% adipose tissue compositions, respectively, 

given the spectrum of our x-ray source having a mean energy of 40 keV. Similar to the 

sections above, the HU variability in the reconstructed volume was also measured for the 

cylinders filled with the water: methanol mixtures (Table 1). To evaluate effect of diameter, 

representative histograms were also measured on the middle slice (350) of the 12.5 and 10 

cm phantoms. Since methanol is not a commonly used substance in CT, there are no 

guidelines or recommendations for methanol HU values.

3. Results

3.1. Cylindrical phantom measurements

The reconstructed volumes of the various diameter and density cylinders are illustrated 

below (Figs. 4 and 5). Reconstructed cylinders acquired using the AZOR orbit have visibly 

worse insufficient sampling and uniformity artifacts near the top and bottom phantom 

regions corresponding to the “chest” and “nipple” regions, respectively, in a clinically 

encountered pendant breast geometry. Shading artifacts due to the edges of the cylinder and 

incomplete sampling there are also evident. Reconstructed volumes of cylinders acquired 

using the saddle orbit have visibly better sampling near the “chest” and “nipple” regions, and 

the shading artifacts are mitigated due to more complete sampling. The measured average 

attenuation coefficients of the various cylinders are reported in Table 2.

3.2. HU variability & accuracy - entire volume

The average HU measured at each slice was plotted for the saddle and AZOR reconstructed 

volumes to visualize the differences in uniformity from the “chest” to the “nipple” region 

(Fig. 6A). In all cases, the AZOR images show non-uniformity in HU values near the top 

and bottom slices, whereas the saddle HU values are more uniform throughout the volume. 

The fixed tilt 6.5° AZOR orbit results in insufficient sampling close to the chest wall and 

nipple, and introduces visible cone beam sampling artifacts (Figs. 6A & 7A); as a result, the 

HU values close to these regions are highly variable. Near the nipple region, insufficient 

sampling coupled with the higher density cylindrical phantom wall (3 mm) results in 
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amplification of the large HU variation. The higher HU values near the bottom edge are also 

evident in the saddle acquired volumes, where we see a peak towards the bottom few slices, 

followed by a sharp drop which corresponds to the transition from phantom to the air outside 

(HU = −1000).

Results indicate that scatter-corrected HU variation in all cylinders scanned with the AZOR 

orbit ranges up to ±150 HU. Comparatively, the saddle orbit samples the volume more 

completely and therefore has more uniform HU values near the corresponding chest and 

nipple regions. The highest HU variability measured for the saddle orbit was ±30 HU, for 

the 15 cm diameter cylinder. It is evident from Fig. 7, that the HU variability depends more 

on the geometry of the object, and possibly the accuracy of scatter correction method 

employed, than the diameter. HU accuracy however, likely depends on diameter since the 

smallest diameter cylinder provided closest to 0 HU values for water, regardless of orbit. 

Detailed results are provided in Table 3 below. Additionally, HU accuracy values align well 

with the ACR recommended ±7 HU and Hobson recommended ±16 HU limits.

Levene’s statistical test was used to determine the significance in uniformity differences. 

Results indicate that the saddle orbit performs significantly better for the 100% water filled 

cylinder cases, as compared to the AZOR orbit, regardless of cylinder diameter. In every 

case, the test achieved a significance of p < 0.01.

3.3. HU uniformity – center to edge

The guidelines for CT recommend that HU values for all 5 ROIs must be within ±5 HU of 

the center ROI mean value. Similar to their recommendations for the volume, Hobson et al. 

[16] reported comparative recommendations for CBCT, and state that due to the higher 

fraction of scatter encountered in cone beam imaging, the center to edge HU variation in 

reconstructed image slices should be more generous, namely within ±22 HU.

Minimal variation in HU values is observed between the center and edge of the phantoms, 

indicating successful removal of cupping artifacts by the scatter correction process employed 

on our system [25] Table 4:. The variation in HU values is similar for the AZOR and saddle 

reconstructed volumes, and is <±27 HU in all cases, which is very close to the Hobson 

recommendation. Optimization of the scatter correction process, and removal of the 

interpolation artifacts still seen in the images, will further minimize this variation in the 

future. A summary of all measured HU values in the volume, and their comparison to the 

recommended values is provided in Table 4 below.

3.4. HU accuracy of water: Methanol mixtures

The HU variability measured slice by slice for the various cylinders filled with aqueous 

mixtures are illustrated in Fig. 8. As expected, since the density of these fluid mixtures is 

lower than that for water (Table 1), the HU values measured are negative. The insufficient 

sampling artifacts are visible on the AZOR volumes (Fig. 4) and result in HU variation of as 

high as ±200 near the nipple region. Due to the more complete sampling of the saddle orbit, 

this artifact is eliminated. HU variability up to ±30 can still be seen near the nipple region 

with the saddle scans. As in the 100% water case, the distribution of saddle HU values is 

tighter for the water methanol mixtures also; the extremely unreliable AZOR values near the 
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nipple region are evident where saddle images yield more correct HU values (Fig. 8). 

Histograms measured at the various slices are depicted in Fig. 9.

For HU accuracy investigation, the mean HU was measured in the artifact free central region 

at slice 350 (Fig. 3), and compared to the Yang et al. reported values [27]. Yang et al. 

reported that the measured HU values of 100% glandular, 50:50 glandular: adipose and 

100% adipose tissue were approximately 46, −35 HU, and −94 HU, respectively; note that 

the variability of their system was not reported. These mean HU values are reported in Table 

5. Overall, the average measured HU for the 75:25% water: methanol mixture which was 

used as a surrogate for 50:50 glandular: adipose is −35 ± 4 for AZOR and −34 ± 5 for the 

saddle orbit. The average measured HU for the 50:50% water: methanol mixture which was 

used as a surrogate for 100% adipose is −91 ± 7 and −88 ± 6 for AZOR and saddle 

respectively. 100% glandular tissue is higher density than 100% water; therefore, as 

expected the Yang et al. values for 100% glandular would be higher than the measured HU 

for water. These values align extremely well with the Yang reported values and thereby 

confirm (again, but by a different means) that water and methanol mixtures can be used as 

realistic surrogates for breast tissue composition [25].

Once again, Levene’s statistical test showed that the saddle orbit performed significantly 

better compared to the AZOR orbit, regardless of cylinder diameter or filled fluid density. In 

every case, the test achieved a significance of p < 0.01.

Finally, to further characterize the distribution of HU values, the mean HU from respective 

histograms (Fig. 9) was calculated; measurements were performed across all sizes and 

densities and are reported in Table 6. The overall variability of the distribution (maximum/

minimum ± HU bounds), about the mean value was also measured and is reported as the 

“spread” in the table below. The “mid” mean values are similar to the values reported in the 

table above. The bottom values for AZOR show the high variability due to the insufficient 

sampling artifact, rendering them useless. Overall, these values highlight the better 

performance of saddle orbit compared to simple circular AZOR.

4. Discussion

A stand-alone BCT system capable of polar tilting was previously developed by our group 

and used for characterization of breast tissue attenuation coefficients [6]. Modulation 

transfer function (MTF) and sampling studies [7] were performed in the past using tilted 

trajectories in addition to x-ray scatter [25] and dose distribution [9] studies. We have 

recently also developed a tilt capable, hybrid SPECT-CT system where each modality is 

independently capable of traversing 3D orbits [28]. However, a comprehensive 

characterization of HU values for these systems having capability of different 3D 

trajectories, and comparison with standard metrics has never been performed for titled 3D 

trajectories.

Despite the immense research efforts in CBCT, there is currently no ACR accreditation 

program or guideline(s) in place for cone beam systems, and therefore we try to conform to 

the general CT guidelines wherever possible. Hobson et al. [16], recently published a study 
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using the ACR CT accreditation phantom on CBCT systems, and proposed image quality 

recommendations for CBCT, after comparing 4 different radiation therapy CBCT devices. 

The Hobson report states that due to the high variability introduced by x-ray cone beams, the 

± 7 HU limit for water is unrealistic, and therefore based on experimental measurements, 

suggest a range of ±16 HU for water in a reconstructed volume, and ±22 HU variation from 

center to edge in a coronal slice. Other vendors and authors recommend a more generous 

HU tolerance range of ±40 [15, 17], likely due to the difficulty in achieving tighter 

tolerances with broad beam x-ray spectra, even after the various corrections they employ.

The ACR accreditation phantom consists of multiple sections that can be used for 

quantification of various standard metrics. For HU characterization, the phantom uses a 

cylindrical section of water equivalent material. Cylinders filled with water would serve the 

same purpose as the ACR phantom; additionally, the same cylinders can be filled with 

different density fluids for HU characterization allowing all measurements to be made using 

one standardized experimental method which would be impossible with the ACR phantom 

since it does not include inserts for breast tissue compositions. Therefore, the different 

diameter cylinders filled with various fluid densities provided a more consistent 

measurement for HU values across different compositions.

The uniformity of CBCT HU values is largely dependent on the size of the target scanned, 

beam quality and subsequent beam hardening, digital projection image corrections, the 

reconstruction algorithm, the scatter correction technique used, etc. The results here, 

specifically Table 6, show that the HU values observed across different diameter cylinders 

are not consistent; similar to the effect of phantom diameter on Scatter to Primary Ratios 

[25], the HU values are also dependent on the size of the object. The HU uniformity of the 

CBCT portion of the hybrid system used in this study falls mostly within the ACR as well as 

Hobson recommendations, regardless of acquisition trajectory used.

HU variability across the volume from the clinically equivalent “chest” to “nipple” region 

shows large overall deviations for the AZOR acquired volumes due to insufficient sampling. 

Minor edge artifacts and interpolation errors due to the scatter correction process [6, 7] also 

amplify this variability near the bottom (“nipple”) edge of the phantoms. The shading 

artifact [1, 29] visible close to the nipple region is a consequence of the sharp edges and flat 

bottom of the cylindrical phantom that are insufficiently sampled by the simple circular 

orbit, and completely disappears for the saddle scans. The intensity of the shading artifact 

does not depend on the diameter of the cylinder, which is evident from the smallest 10 cm 

diameter cylinder, having a shading artifact very similar to the 15 cm cylinder. Although this 

artifact is unlikely for smoothly curved breast shaped objects, it is important to note that that 

region is insufficiently sampled with AZOR. In other words, just because a different 

geometric object (or one that has different frequency components [30]) might qualitatively 

“look better” in that same nipple region, it is nevertheless insufficiently sampled there, 

leading to undependable results. For larger, more cylindrical shaped breasts which occupy 

the complete CT FOV, similar shading artifacts can be expected when using AZOR orbits.

Yang et al. [27] have characterized the performance of a new scatter correction method for 

BCT, wherein they also investigate HU accuracy for different breast tissue compositions. 
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Although those HU values are specific to their BCT system, the individual HU values can be 

used for comparison with the water:methanol HU values measured on our system (Table 5). 

The HU values obtained on this system for the water:methanol mixtures align well with the 

Yang et al. results and provide yet another affirmation for use of these fluid mixtures to 

simulate breast densities.

5. Conclusions

The HU accuracy and variability was investigated for reconstructed volumes obtained using 

two different acquisition orbits, using a cone beam BCT system. Different diameter 

cylinders, filled with water: methanol mixtures simulating breast density, were used for this 

study. Due to lack of any standard figure of merit for image QA in CBCT systems, we rely 

on standard ACR guidelines [12] and other authors’ recommendations [13–16]. The results 

quantitatively indicate reasonable compliance of the BCT system with the above-mentioned 

guidelines, as well as establish the benefits of using a saddle acquisition orbit over 

traditional circular orbits. For the three water-filled cylinders, slice by slice investigation of 

HU values was performed; the HU values are less variable for the saddle acquisitions. The 

AZOR orbit results in insufficient sampling near the top and bottom of the cylinder, and 

causes shading artifacts that amplify HU variability in these volumes to as high as ±150. 

Levene’s test for statistical significance showed that the saddle orbit performed significantly 

better (p < 0.01) for all cases, regardless of diameter or density of the phantom. The 

maximum variability seen in HU values with the saddle orbit was ±32. The center to edge 

difference for all cylinders, regardless of acquisition orbit, is less than ±27. The HU 

accuracy was also investigated and for the 100% water case, all measured HU values in the 

center of the volume, are within the recommended ACR and Hobson limits. The water: 

methanol mixtures were also investigated, and compared to the Yang et al. reported values 

for breast compositions. Overall, these results clearly demonstrate the superiority of saddle 

orbits in terms of both better sampling and image quality, and better HU accuracy for CBCT 

applications.
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Fig. 1. 
(LEFT) Illustration depicting the tilt capable BCT system where the X-ray source – flat 

panel detector pair is capable of polar tilting up to ±15°. (RIGHT) Polar plot depicting the 

fixed tilt (+6.5°) AZOR and Saddle orbit with ±15° polar tilts about a 360° azimuthal 

trajectory. Radius indicates tilt angle.
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Fig. 2. 
Reconstructed (LEFT) Coronal and (RIGHT) Sagittal slices of an example cylindrical 

phantom reconstruction from AZOR acquired data, depicting the 400 mm2 ROIs used to 

measure the average attenuation coefficient of water in the central, artifact-free region of the 

volume. Yellow arrows indicate locations of slices 150, 350 and 500 (Top to Bottom) where 

histograms were measured.
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Fig. 3. 
Reconstructed (LEFT) Coronal and (RIGHT) Sagittal slices of an example cylindrical 

phantom reconstruction, depicting the ROIs used to measure the average center to edge 

variation in HU values at 5 different locations in the cylinder (indicated by the slice 

numbers).
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Fig. 4. 
Image grid illustrating central sagittal slices of the reconstructed cylinder phantoms of 

different diameters, acquired with the AZOR orbit with the cylinder under different density 

conditions simulated using the indicated water: methanol mixtures.
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Fig. 5. 
Image grid illustrating central sagittal slices of the reconstructed cylinder phantoms of 

different diameters, acquired with the saddle orbit with the cylinder under different density 

conditions simulated using the indicated water: methanol mixtures.
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Fig. 6. 
A. (Top) Central Sagittal slices of the reconstructed 15 cm diameter cylinder (rotated), filled 

with 100% water, acquired with the AZOR and saddle orbits. (BOTTOM) Plot of average 

HU measured in each slice, from the top to the bottom region of the cylinder. Dashed black 

arrows on the plot and white arrows on the slices indicate location of the histogrammed 

slices 150, 350 and 500 (Fig. 7B).

B. Histograms measured on coronal slices of the reconstructed 15 cm cylinder volumes at 

three different locations: (LEFT) top -slice 150, (MIDDLE) mid – slice 350 and (RIGHT) 
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bottom – slice 500. Note that the abscissa is wider (–550–500 HU) for the bottom slice to 

accommodate the large variation in AZOR reconstructed values.
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Fig. 7. 
A. Plot of average HU measured in each slice, from the top to the bottom region of the 

cylinder, for the 12.5 and 10 cm diameter cylinders.

B. Histograms measured on coronal slices of the reconstructed (TOP) 12.5 cm and 

(BOTTOM) 10 cm cylinder volumes at three different locations: (LEFT) top -slice 150, 

(MIDDLE) mid – slice 350 and (RIGHT) bottom – slice 500/530. Note that the abscissa is 

wider (–550–500 HU) for the bottom slice to accommodate the large variation in AZOR 

reconstructed values.
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Fig. 8. 
Plots of average HU measured in each slice and plotted against slice number, from the top to 

the bottom region of the (TOP) 15 cm, (MIDDLE) 12.5 cm and (BOTTOM) 10 cm diameter 

cylinder. The (LEFT) 75:25% water: methanol mixture and (RIGHT) 50:50% water: 

methanol mixture are illustrated alongside each other for the same diameter phantom, for 

easier comparison. The HU variability was measured from slice 150 to 510; however HU 

accuracy was measured only between slices 200 and 400 for comparison with published HU 

values.
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Fig. 9. 
Histograms measured on coronal slices of the reconstructed 15 cm cylinder filled with 

(LEFT) 75% water and (RIGHT) 50% water. Measurements were made at three different 

locations: (TOP) top-slice 150, (MIDDLE) mid – slice 350 and (BOTTOM) bottom – slice 

500. The HU value distribution within the slice is more uniform for the saddle case than the 

AZOR. Slice 500 measures the area affected by the shading artifact.
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Table 1

Water-Methanol concentrations, densities and corresponding NIST reported values at 40 keV. Glandular and 

Adipose breast tissue densities and mass attenuation coefficients reported by Johns and Yaffe [32]

Water (%) Methanol (%) Density (g/cm3) Mass Atten. (cm2/g) Linear Atten. Coeff (cm−1)

100 0 1.00 0.268 0.268

75 25 0.93 0.263 0.249

50 50 0.896 0.257 0.230

Glandular Tissue 1.035 0.261 0.270

Adipose Tissue 0.928 0.239 0.228
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Table 3

HU variability and accuracy measurements, for various cylinders, measured at different slices

Metric Measured Slices Phantom Diameter (cm) AZOR Saddle

HU Variability (Volume) 150 – 500 15 ±150 HU ±30 HU

150 – 530 12.5 ±143 HU ±20 HU

150 – 500 10 ±140 HU ±32 HU

HU Accuracy (Central Slice) 350 15 9 HU −4 HU

12.5 2 HU −1 HU

10 1 HU 0 HU

J Xray Sci Technol. Author manuscript; available in PMC 2018 August 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shah et al. Page 25

Ta
b

le
 4

Su
m

m
ar

y 
of

 w
at

er
 H

U
 a

cc
ur

ac
y 

an
d 

un
if

or
m

ity
 m

ea
su

re
d 

on
 c

or
re

sp
on

di
ng

 th
e 

ce
nt

ra
l s

lic
e,

 f
or

 d
if

fe
re

nt
 d

ia
m

et
er

 c
yl

in
de

rs
, c

om
pa

re
d 

to
 A

C
R

 [
12

] 
an

d 

H
ob

so
n 

[1
6]

 r
ec

om
m

en
da

tio
ns

M
et

ri
c

A
C

R
 (

C
T

) 
R

ec
om

m
en

da
ti

on
s

H
ob

so
n 

et
 a

l. 
(C

B
C

T
) 

R
ec

om
m

en
da

ti
on

s
P

ha
nt

om
 D

ia
m

et
er

 (
cm

)
A

Z
O

R
 (

H
U

)
sa

dd
le

 (
H

U
)

H
U

 A
cc

ur
ac

y
±

7 
H

U
±

16
 H

U
15

9
−

4

12
.5

2
−

1

10
1

0

H
U

 U
ni

fo
rm

ity
(C

en
te

r 
to

 E
dg

e)
±

5 
H

U
±

22
 H

U
15

±
26

±
27

12
.5

±
19

±
16

10
±

13
±

13

J Xray Sci Technol. Author manuscript; available in PMC 2018 August 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shah et al. Page 26

Table 5

Average measured HU for water: methanol (W:M) mixtures, at different diameters and acquisition orbits

Composition Phantom Diameter (cm) AZOR (HU) Saddle (HU)

100:0 (W:M) 15 9 −4

12.5 2 −1

10 1 0

75:25 (W:M) 15 −39 −38

12.5 −32 −29

10 −35 −35

50:50 (W:M) 15 −98 −91

12.5 −85 −82

10 −90 −91

100:0 (G:A) 10–18 46 –

50:50 (G:A) 10–18 −35 –

0:100 (G:A) 10–18 −94 –

Average measured HU for glandular: adipose (G:A) breast tissue compositions, measured by Yang et al [27] are also reported here for comparison.
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