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Abstract (304 words)

Hard X-ray phase-contrast imaging is sensitive to density variation in objects and shows a great dose 

advantage for in vivo observation over absorption-contrast imaging. We examined the capability of 

propagation-based phase-contrast tomography (PB-PCT) with single-distance phase retrieval for tracking 

of bone structure and mineral changes using monochromatic synchrotron light. Female mice underwent 

ovariectomy and drill-hole surgery in the right tibial diaphysis and were divided into two groups: OVX 

and OVX-E (n = 6 each); the latter group was treated with intraperitoneal administration of 

14,15-epoxyeicosatrienoic acid (14,15-EET) for promoting bone repair. Age-matched mice subjected to 

sham ovariectomy and drill-hole surgery (Sham) were also prepared (n = 6). In vivo CT scans of the 

drilled defect were acquired 3, 7, and 11 days after surgery, and tomographic images were matched by 

three-dimensional registration between successive time points for monitoring the process of defect filling. 

Additionally, using absorption-contrast CT as the reference method, the validity of PB-PCT was 

evaluated in one mouse by comparing images of tibial metaphyseal bone between the two methods in 

terms of bone geometry as well as the measure of mineralization. Although phase retrieval is strictly valid 

only for single-material objects, PB-PCT, with its lower radiation dose, could provide a depiction of bone 

structure similar to that from absorption-contrast CT. There was a significant correlation of linear 

absorption coefficients between the two methods, indicating the possibility of a rough estimate of the 

measure of mineralization by PB-PCT. Indeed, delayed bone regeneration (OVX vs. Sham) and the 

efficacy of 14,15-EET for improving osteoporotic bone repair (OVX-E vs. OVX) could be detected in 

both bone volume and mineralization by PB-PCT. Thus, in combination with single-distance phase 

retrieval, PB-PCT would have great potential for providing a valuable tool to track changes in bone 

structure and mineralization, and for evaluating the effects of therapeutic interventions as well. 
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Introduction 

X-ray computed tomography (CT) is most frequently used for the measurement of bone microarchitecture, 

allowing the assessment of its strength or the efficacy of treatments.1 More sophisticated imaging has 

lowered the barriers for its application to in vivo bone imaging, especially in rodent models. In vivo CT 

was first introduced by Kinney et al2 for imaging of rat trabecular bone using monochromatic synchrotron 

light, and thereafter, laboratory in vivo CT came into widespread use for bone structural analysis.3 

The use of in vivo CT with either synchrotron radiation or micro-focused X-ray sources 

enables tracking of 3D bone structure in the same animal, which increases the ability to detect causal 

relationships and reduces the number of animals needed. High-resolution in vivo CT allows for tracking 

local bone dynamics and identifying the loci of bone formation and resorption at the single-trabeculum 

level.4–7 Computational biomechanical analyses also demonstrate that monitoring of bone structural 

changes over a long period of time may provide valuable information for predicting fracture risk and 

treatment planning.8,9 

These advantages of in vivo CT are, however, not available without limitations. Repeated 

scanning results in increased total dose, possibly exerting a substantial impact on bone turnover.10,11 

Reducing the total dose is not difficult, but there is a trade-off between radiation dose and spatial 

resolution or image quality. Far from absorption edges, the dose is inversely proportional to the fourth 

power of voxel size when the signal-to-noise ratio (SNR) is kept constant; while SNR is linearly related to 

the square root of dose under the same resolution.12,13 Thus, in vivo CT with high resolution inevitably 

exposes bone and surrounding tissues to high doses of radiation. 

Increasing the dose efficiency by exploiting the X-ray phase shift or refraction could be a 

promising way to reduce the dose in X-ray imaging. The X-ray refractive index n, characterizing the 

optical properties of the material is expressed as n = 1 –  + , in which  and  characterize the phase 

shifting and absorption properties of the material, respectively. There is little practical difference in  

between soft tissues and water (~10–10). That is, soft tissues are almost transparent to hard X-rays and 

their absorption contrast is almost invisible. In contrast,  is typically three orders of magnitude larger 

than , and therefore, the phase shift-based contrast is excellent even in imaging of soft tissues in which 

the different components show almost negligible, as well as too similar, absorption to be discriminated.14 
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Bone is much less transparent than soft tissues, and conventional absorption-contrast CT works well in 

bone imaging. However,  is still larger than  in bone (e.g.,  = 300–900 for cortical bone over 20–40 

keV),15 and thus, phase shift-based CT may also have a significant dose advantage over 

absorption-contrast CT in bone imaging. 

Several techniques have been developed, such as propagation-, analyzer-, and 

interferometry-based imaging methods, to visualize the X-ray phase shift.15,16 Among these, 

single-distance propagation-based imaging,17,18 which requires no specific optics system and needs only a 

single X-ray image per projection angle for tomographic reconstruction, is the simplest and favorable way 

to reduce dose. By taking a certain distance between an object and the detector, a monochromatic X-ray 

beam with a plane wave front can generate the transmission images that contain contrast from attenuation 

and phase shift through Fresnel diffraction yielded through the object. These images are often processed 

by a phase retrieval algorithm prior to tomographic reconstruction. Phase retrieval leads to high-contrast 

visualization with tolerance to noise,19,20,21 thereby allowing simple thresholding to be used in 

segmentation of tomographic image volumes. Several studies have proven the benefits of 

propagation-based imaging with single-distance phase retrieval in CT of bone and other biological 

tissues.22–27 To the best of our knowledge, no study has explored its potential for CT tracking of local 

changes in bone architecture over time. 

We tested the feasibility and validity of propagation-based imaging with single-distance phase 

retrieval in CT tracking of bone microstructure. Synchrotron radiation, providing a high-flux, 

monochromatic X-ray beam with a high degree of transverse coherence, was employed for 

single-distance propagation-based imaging, and the process of bone defect repair in osteoporotic mice and 

the effect of a promoter of organ regeneration (14,15-epoxyeicosatrienoic acid28 on it were monitored. 

Comparison was also made between tomographic images obtained via propagation-based imaging with 

single-distance phase retrieval and conventional absorption imaging; the latter imaging is superior in 

terms of mineral quantitation.5,29 

 

Materials and Methods 

Experiments were carried out at the Experimental Animal Facility and Biomedical Imaging Center of the 

SR facility “Super Photon ring-8GeV (SPring-8)” in Japan. The protocol of the animal treatment was in 
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accordance with the guiding principles of the American Physiological Society and with the approval of 

the Animal Research Committee of Tokushima University and Japan Synchrotron Radiation Research 

Institute (JASRI). 

 

Animal preparation 

Female C57BL/6 mice, with either bilateral ovariectomies (n = 12) or sham-operated (n = 6) at the age of 

11 weeks, were purchased from CLEA Japan (Tokyo, Japan). Rodent models of postmenopausal 

osteoporosis following ovariectomy have been widely used as a model of impaired fracture healing30,31. 

Mice were single-housed in a plastic cage under controlled conditions (12-hour light/dark cycle, 25°C, 

60% humidity) and allowed free access to a standard diet (CLEA Japan) and tap water. 

At the age of 12 weeks, the mice were anesthetized with isoflurane, and the skin over the 

medial aspect of the right lower leg was shaved, swabbed with povidone iodine, and incised. A 

full-thickness unicortical hole through the upper tibial diaphyseal cortex was created approximately 3 mm 

proximal to the tibio-fibular junction using a 0.5-mm diameter drill rotating at 11,000 rpm (Muromachi 

Kikai, Kyoto, Japan). Drill margins were frequently irrigated with saline to avoid thermal necrosis, and 

the drill hole was rinsed with a flushing syringe to discard bone fragments. After arrest of bleeding from 

the bone marrow, the skin was sutured and swabbed with povidone again. 

Immediately after the drill-hole surgery, the mice were implanted intraperitoneally with a 

mini-osmotic pump (Alzet model 1002; Cupertino, California, USA). The pump was filled with 

14,15-epoxyeicosatrienoic acid (14,15-EET), purchased from Cayman Chemical (Ann Arbor, Michigan, 

USA) or with vehicle (ethanol). Half of the post-ovariectomy mice (OVX + E, n = 6) received 14,15-EET 

at a dose of 15 μg/kg/d.28 The remaining ovariectomized mice (OVX, n = 6) and the sham-operated mice 

(Sham, n = 6) received only the delivery of vehicle at an equal volume rate. We administered 14,15-EET 

in anticipation of improving the defect repair in OVX30,31 via its capability to stimulate angiogenesis,32 

which is essential for bone healing33 but reduced in OVX.31 Soon after they recovered from the general 

anesthesia, all mice moved around normally. 

 

Propagation-based imaging and CT scanning in vivo 
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The drill-hole healing was observed in the experimental hutch 3 (25 ± 1°C) of beamline 20B2 at the 

SPring-8 synchrotron radiation source (Harima, Japan). A bending magnet source with a Si(111) 

double-crystal monochromator, located ~210 m upstream of the hutch, provided a 300 mm (horizontal) × 

20 mm (vertical) monochromatic X-ray beam for projecting the image of objects onto the detector.34 The 

incident X-ray energy was set at 33.4 keV. In a study of in vivo phase-contrast CT for rat bone imaging,25 

the energy of 37 keV proved feasible. Instead, we chose the energy immediately above the k-edge of 

iodine. The vertical beam size of the incident X-ray was reduced to 2 mm by a slit built into the beamline 

end. 

We used a visible light conversion type X-ray detector composed of a scientific CMOS 

(sCMOS) camera (C11440-22CU; Hamamatsu Photonics, Hamamatsu, Japan) and a beam monitor 

(BM2; Hamamatsu Photonics) with a 10-μm-thick phosphor screen (Gd2O2S:Tb+). The effective pixel 

size and field of view were 6.54 μm and 13.4 mm (horizontal) × 2.0 mm (vertical), respectively. The 

distance between the irradiated hindlimb and the detector ( ) was set to 60 cm for propagation-based 

imaging. With this setting, the minimal Fresnel number ( )21 and the width of the first Fresnel zone 

( )35 were 1.92 and 4.72 μm, respectively, where  is the characteristic size of the smallest 

discernible features in the object, 3.71 × 10–9 cm here  is the X-ray wavelength, and is the geometric 

magnification, being ≈1 for the plane-wave X-ray. Here, we equated  with the pixel size. 

On days 3, 7, and 11 after drill-hole surgery, each mouse was anesthetized by the 

intraperitoneal administration of pentobarbital sodium and immobilized on a stack of computer-controlled 

precision stages for CT scanning. The forelimbs and the intact hindlimb were secured with surgical tape 

in the supine position, and the other hindlimb that had undergone the drill-hole surgery was stretched 

vertically and fixed to an acrylic supporting strut using surgical tape. This posture ensured a roughly 

proper placement of the drill hole for scanning within the limited area of irradiation. Experimental setup 

is shown in Fig. 1. 

After fine-tuning the vertical position of the drill hole, CT scanning was carried out with 

propagation-based imaging. We first acquired 30 images each of the sCMOS dark current and direct 

beam; subsequently, 600 drill-hole images over an angular range of 180° in 0.3° steps and 30 images of 

the direct beam were then acquired. The exposure time per projection angle was set to 100 msec. The 
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dose per scan, measured using an ionization chamber (S-1194A1; Ohyo Koken Kogyo, Tokyo, Japan), 

amounted to 2.0 Gy.  

 

Single-distance phase retrieval and image reconstruction 

Following correction for the dark current and normalization with the direct beam images, the bone images 

were processed by phase retrieval for generating contact images, which could serve as an equivalent to 

the images of transmission X-ray intensity taken with the object as close as possible to the detector. We 

used a well-accepted approach for phase retrieval, originally derived by Paganin et al17 on the basis of the 

transport of intensity equation36 for a paraxial monochromatic wavefield, assuming that an irradiated 

object is homogeneous (  =  = constant). This method is available to the objects with non-negligible 

absorption like bone tissues. Under the near field approximation21, the following equation can be obtained 

using the transport of intensity equation with the axis in the direction of the incident X-rays: 

 

Here,  and  are distributions of X-ray intensity at  (contact image) and at   

(propagation-based image), respectively;  is the position vector lying in the plane 

perpendicular to the  axis;  is the gradient operator in the plane containing ; and ) is the 

wavenumber. Equation 1 can be solved for  as 

 

where  and  are the two-dimensional forward and inverse Fourier transforms with respect to , 

and  is the Fourier coordinate corresponding to . Thus,  can be obtained from 

 measured by the detector placed at  . 

In homogeneous objects, both  and  could be considered proportional to electron density 

when X-ray energies are well away from the absorption edges of the object; thus, the assumption of 

constant  is feasible. However, the present object is composed of bone and soft tissues, and furthermore, 

the bone tissue itself is an approximately three-component composite material comprising 

hydroxyapatite-like mineral, organic constituents (mainly collagen fibrils), and water. Thus,  varies from 

region to region, and in accordance with the degree of deviation of  from the assumed constant value, 
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equation 2 yields some errors. Nevertheless, in practice, this method shows substantial tolerance to 

violation of the constant  assumption and its feasibility at least for 3D structure analysis.37 The method 

has already demonstrated its high potential for various biological objects comprising different materials, 

including air, interstitial fluid, soft tissue, and bone19–27. 

The term  in equation 2 is considered as a Lorentzian low-pass filter, and 

 could be viewed as the filtering parameter, modulating the level of image noise and the blurring at 

tissue interfaces. Using the  value of bone causes over-smoothing artifact in reconstructing the bone 

boundary because of soft tissue (mostly muscle and marrow tissues) surrounding the bone tissue. The 

suitable  for reconstructing the bone/soft-tissue interface may be given by (  – ) (  – ),38,39 where 

the subscripts b and s denote bone and soft tissues, respectively. Approximating the values of  and  

using the values of fully-mineralized bone, composed of 50% hydroxyapatite, 40% collagen, and 10% 

water by volume, and the values of  and  using those of water, we used equation 2 with  = 3.34 × 102 

in the present study (for details, see the appendix). 

Tomographic reconstruction from a series of contact images generated by single-distance phase 

retrieval, here referred to as propagation-based phase-contrast CT (PB-PCT), was made using a 

two-dimensional filtered back-projection algorithm. The contiguous sections containing the drill hole 

were composed of 6.54-μm cubic voxels with a resolution of 8-bit gray scale proportional to the linear 

absorption coefficient – . All reconstructed images were redigitized  × gray 

value (0.0 –  2.7 – ).

 

PB-PCT vs. absorption-contrast CT 

When using a monochromatic X-ray, absorption-contrast CT is of great advantage when translating its 

reconstructed image into the distribution of . For comparison of CT quantitation, in one mouse from the 

sham-ovariectomized group, the proximal right tibial region was scanned in vivo by the same system as 

that used for bone defect imaging, setting the object-to-detector distance to 60 and 10 cm for PB-PCT and 

absorption-contrast CT, respectively. The energy of synchrotron light, the exposure time per projection 

angle, the method for tomographic reconstruction, and the gray-level normalization were the same as 

those used in bone defect imaging. In absorption-contrast CT, 1800 projections were collected in 0.1° 
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increments to increase the quality of the tomographic images, resulting in a total surface dose of 6 

Gy/scan, three times higher than that in PB-PCT. 

For quantitative evaluation of mineralization, capillary tubes containing K2HPO4 water solution 

at various concentrations were scanned by absorption-contrast CT in the same manner as the animal 

imaging, and the relation between the solution density and  was determined. Here, it is assumed that 

bone tissue is uniform and that its absorption can be represented by a two-phase mixture of 

hydroxyapatite and other light elements, replaced by K2HPO4 and water, respectively.5,29 Thus, the 

K2HPO4 solution could serve as a bone phantom and its density is considered as the measure of apparent 

mineralization. The same solutions were also scanned by PB-PCT with the same setting as the animal 

imaging, and a value of  was determined by setting  = 3.34 × 102 for each solution  

 

Image registration 

A 3D registration technique based on mutual information measure40 was used for matching 3D images at 

different time points (PB-PCT images of the cortical defect at different healing stages) or those obtained 

by different methods (images of the tibial metaphysis obtained by PB-PCT and conventional 

absorption-contrast CT). The mutual information was calculated while rotating and translating the one 

image (floating image) with fixing the other (reference image), and the highest degree of image matching 

was achieved by maximizing the mutual information. Trilinear partial volume distribution interpolation40 

was used  the voxel positions in a floating image (orientation changed) did not coincide with those 

in the reference image (orientation fixed). When matching of cortical defect images at three healing 

stages, the image at the 2nd scan was set as the reference. 

 

Bone image analysis 

Simple thresholding was used to segment tomographic images into bone and non-bone regions. Bone 

images were compared between PB-PCT and absorption-contrast CT in terms of volume, local values of 

, and SNR, which was defined as the ratio of the mean intensity of bone section to the standard deviation 

of intensity of surrounding soft (muscle) tissue. For the analysis of bone defect repair, newly formed bone 
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was segmented from a cylindrical region of interest, chosen centrally within the cortical defect. Bone 

regeneration was compared between three groups in terms of volume and . 

 

Statistics 

Equality of variances and normality of data frequency distribution were verified by Bartlett's test and 

Kolmogorov-Smirnov test, respectively. Kruskal–Wallis tests followed by Dunn’s multiple comparison 

tests were used to assess differences among the three groups of mice (Sham, OVX, and OVX-E) because 

the data frequently violated the assumptions of equality of variances between groups or Gaussian 

distribution. All data were analyzed by Prism 6 (GraphPad Software; San Diego, CA, USA), and P < 0.05 

was considered statistically significant. 

Results and Discussion 

Propagation-based imaging with single-distance phase retrieval vs. conventional absorption imaging 

Figure 2 shows transmission X-ray images of the same proximal parts of the tibia and fibula obtained by 

conventional absorption imaging, propagation-based imaging, and propagation-based imaging with 

single-distance phase retrieval. Without phase retrieval, propagation-based imaging provides an image 

similar in appearance to the absorption image because the image contrast of both images is based mainly 

on X-ray absorption. However, the edge-enhancement effect is observed as the fringes at the boundary 

between bone and soft tissue, thereby allowing clearer delineation of bone surface than in the absorption 

imaging. With phase retrieval, propagation-based imaging produces a high-contrast image with a 

considerably higher SNR compared with the other two images, owing to the effects of high X-ray 

sensitivity of phase shifting and low-pass filtering in equation 2. Instead, phase retrieval results in reduced 

resolution, as is evident from blurred bone boundaries in Fig. 2C compared with those in Fig. 2B. 

 

PB-PCT vs. absorption-contrast CT 

In Fig. 3A, axial tomographic images of the proximal tibial metaphysis are compared between PB-PCT 

and absorption-contrast CT after image registration. The effect of low-pass filtering through phase 

retrieval appears as reduced noise and ring artifact. The visibility of trabecular and cortical porous 

structures is comparable between the PB-PCT and absorption-contrast CT images as previously 
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demonstrated.23 When bone sections were segmented with a threshold of = 0.8 cm–1, values of SNR are 

12.2 and 9.8 in the PB-PCT and absorption-contrast CT images, respectively. The dose/scan of 6 Gy in 

absorption-contrast CT was three times higher than that of phase-contrast CT; thus, according to the 

relation of SNR ,12 SNR is estimated to decrease to 5.7 in absorption-contrast CT under the 

same dose/scan as in PB-PCT. Figure 3B shows the two binarized bone sections ( > 0.8 cm–1) from Fig. 

3A stacked on top of each other. The bone regions observed only in PB-PCT and only in 

absorption-contrast CT amount to 5.7 and 6.6%, respectively, relative to the overlapped bone region of 

1.136 mm2. Indeed, 3D bone images reconstructed by PB-PCT and absorption-contrast CT (Fig. 3C) 

show a close similarity in bone structure except for small fragments of trabecular bone. The bone regions 

observed only in PB-PCT and only in absorption-contrast CT amount to 4.0% and 3.5%, respectively, 

relative to the common bone region of 0.684 mm3, and the volume differences in cancellous and cortical 

bones between the two matched images are 4.7% and 0.3%, respectively. The partial volume effect 

intrinsic to CT, which is highlighted in the trabecular bone with a local thickness of only a few voxels, is 

mainly responsible for the larger volume difference in cancellous bone. The volume difference in 

cancellous bone is similar to that reported as the error of image registration in early reproducibility 

studies of the absorption-contrast CT quantification of trabecular bone architecture,4,5,41 indicating the 

equivalent performance of PB-PCT and absorption-contrast CT in delineating bone structure. 

Single-distance PB-PCT was originally intended for imaging of a homogeneous object or an 

object with constant  and, as such, is deemed suitable for analysis of bone architecture rather than 

quantification of bone density or mineralization. However, Figs. 2 and 3A suggest that some quantitative 

information on bone density is available from bone tomographic imaging by PB-PCT. Figure 4A shows a 

scatter plot of  of the phase- vs. absorption-contrast CT images in Fig. 3A; here, Gaussian blur with a 

radius of 1.5 pixels was applied to the latter, yielding a similar standard deviation of background (soft 

tissue) intensity between the two images (0.12 vs. 0.11 cm–1). There was a significant correlation between 

local  values in the matched regions in Fig. 3B (nonparametric Spearman correlation coefficient, 

calculated exclusively for the regions of > 0.8 cm–1) although the regression slope deviated significantly 

from unity and the lines of identity and regression gradually diverge as  decreases. Thus, PB-PCT could 

provide a certain amount of information on , possibly allowing the rough assessment of bone 
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mineralization. Note that the wide scattering of plots was partly resulted from noise or statistical 

uncertainty in X-ray CT imaging42 and the image registration error. The latter could be evaluated by 

matching a stack of absorption-contrast CT images of tibial bone that was rotated by 3° around each 

orthogonal axis and translated by a 1.5-voxel length along each axis. The correlation between local  

values of the matched cross-sections ( > 0.8 cm–1) was less scattered with = 0.950 (P < 0.0001). 

Figure 4B showed the linear relation between  and the density of K2HPO4 solution 

A threshold of  = 0.8 cm–1 corresponds to the solution density of 1.27 

g/cm3 in PB-PCT and 1.21 g/cm3 in absorption-contrast CT, and  = 2.0 cm–1 corresponds to the solution 

density of 1.90 g/cm3 in PB-PCT and 1.734 g/cm3 in absorption-contrast CT. 

In the present study,  in equation 2 (the parameter of the Lorentzian low-pass filter) was given 

as (  – )/(  – ) for reducing the artifact of over-smoothing at the bone/soft-tissue interface. Here, 

we set  = 3.34 × 102, which was derived as the value of fully-mineralized bone tissue. However, 

mineral-to-matrix ratio

. When using a threshold of  = 0.8 cm–1, our estimate shows that regional  could be higher 

by 7.8 to 47.1% than the set value 3.34 × 102 . Such differences in  over a segmented bone volume 

increase by lowering the threshold value of and the performance of single-distance PB-PCT will 

become less quantitative  differs to the larger extent from the set value of  It was 

already reported that PB-PCT based on the assumption of constant  or homogeneous object was were 

found to be less than quantitative when across reconstructed images; the image quality 

decreased more in regions where  differs further from the chosen value.43 

 

Monitoring of bone defect repair 

On days 3, 7, and 11, average body weights were 20.2 ± 0.75, 20.8 ± 0.41, and 21.3 ± 0.52 g in Sham; 

22.4 ± 0.98, 22.6 ± 0.79, and 22.6 ± 0.98 g in OVX; and 20.5 ± 0.84, 21.0 ± 0.89, and 21.7 ± 1.03 g in 

OVX-E. No difference was found among groups on each day of CT measurements. 

Newly formed bone was segmented from the cortical defect region with a threshold of  = 1.1 

cm–1 as done in our previous studies of absorption contrast CT.44,45 This threshold corresponds to a 
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density of K2HPO4 solution of 1.43 g/cm3 in PB-PCT. Decreasing the range of bone density by setting a 

higher threshold of  leads to a smaller variation of  across the segmented bone volume, thereby making 

the assumption of constant  more acceptable (see the appendix). Therefore,  = 3.34 × 102 was also used 

in the observation of bone defect repair process by PB-PCT. Figures 5A and B show tomographic images 

of the drill-hole defect segment of tibial bone and newly formed bone in the cortical defect of a 

sham-operated mouse at the three time points of scanning. Images at different time points were 

3D-registered, enabling us to follow the process of bone-defect healing in individual mice. Newly formed 

bone was nearly undetectable on day 3 because angiogenesis would be dominant at this stage.44,45 On day 

7, small, thin bone segments (woven-like bone) appeared, but the large part of the defect, corresponding 

to void space, was still occupied by non-mineralized or low-mineralized tissues (  1.1 cm–1). On day 11, 

bone-defect repair had highly advanced; woven-like bone increased and showed a solid appearance. 

Figure 5C shows 3D displays of the bone defect, where the images on days 7 and 11 are registered and 

superimposed, giving a rough indication of local bone formation (red) with small amounts of bone 

resorption (blue). Over this 4-day period, new bone formation proceeded mainly outward from the 

already-regenerated bone (gray) and centripetally from the periphery of the defect. 

 In all three groups, bone defect repair advanced similarly as shown in Fig. 5, and the defect 

filling reached similar levels on day 11. Some quantitative differences, however, could be detected during 

bone regeneration. Figure 6 shows the volume fraction of newly formed bone on days 3, 7, and 11 and its 

increases over 4 days from days 3 to 7 and 7 to 11. In comparison between Sham and OVX, bone 

regeneration was decreased in OVX over days 3 to 7 and consequently, the defect filling was lower in 

OVX on day 7, which is consistent with a previous in vivo absorption-contrast CT study.30 Over days 7 to 

11, however, bone regeneration tended to advance more in OVX than in Sham, showing a similar degree 

of bone repair on day 11 between the two groups. No difference was found in the defect filling between 

Sham and OVX-E through the experimental period. Bone repair advanced more in OVX-E than in OVX 

over days 3 to 7, and accordingly, the defect filling was higher in OVX-E than in OVX on day 7. 

However, bone regeneration accelerated more in OVX than in OVX-E over days 7 to 11, leading to no 

difference in the defect filling on day 11 between the two groups. 
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 Considering a significant correlation in  values between PB-PCT and absorption-contrast CT  

and a proportional relation between mineral density and (Fig. 4), which accurately estimated by the 

latter under the use of monochromatic X-rays, PB-PCT would be feasible for assessment of bone 

mineralization, at least over the stages of bone regeneration. Figure 7 compares frequency distributions of 

 (relative number of voxels at each  value) obtained from Sham, OVX, and OVX-E. On day 7, a 

monotonic decrease of frequency with increasing  was observed in all three groups; in particular, Sham 

and OVX had very similar distribution. On day 11, the frequency distribution of  in OVX differed from 

that in Sham and OVX-E. At this stage, very similar monomodal distributions were observed in Sham and 

OVX-E with a peak each at  1.54 and 1.51 cm–1, respectively. This shift of  distribution from days 7 

to 11 is very similar to that in a similar bone defect in mice, observed by synchrotron radiation-based 

absorption CT.45 In OVX, however, no clear peak was observed and the distribution was still biased 

toward lower  values, indicating that bone mineralization was delayed. As a result, on day 11, although 

all three groups showed similar bone regeneration in volumetric terms, the measure of mineralization of 

newly formed bone was low in OVX compared with the other groups. Thus, PB-PCT permits the 

detection of the anticipated effectiveness of 14,15-EET in improving the bone repair in OVX in terms of 

both volume and mineralization. Note that a measure of volume fraction of newly formed bone (Fig. 6) 

varies depending on a threshold of  for bone segmentation; when  is set at a higher value by a certain 

extent than 1.1 cm–1, the ovariectomy-induced impairment of bone healing and its improvement by 

14,15-EET will become apparent in volumetric terms on day 11. 

Epoxyeicosatrienoic acids (EETs) promote regeneration of multiple organs and tissues in vivo, 

and this effect is partially mediated by EET-dependent stimulation of angiogenesis via vascular 

endothelial growth factor.28,32 A study using a mouse model of femoral drill-hole injury showed that bone 

repair was impaired and preceded by poor angiogenesis in ovariectomy-induced osteoporosis.31 

Angiogenesis is essential for bone healing;33 thus, it is possible that the administration of 14,15-EET 

improves angiogenesis and thereby the bone defect healing in OVX. Further studies are required to 

elucidate the pro-angiogenic effect of EETs on the improvement of bone repair. Furthermore, it was 

reported recently that EETs inhibit osteoclastogenesis through multiple pathways and almost completely 
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prevented ovariectomy-induced osteoporosis.46 Apart from the pro-angiogenic effect of EETs, there is 

also a need to determine whether EETs may play a direct role in promoting osteoblastogenesis. 

 

Limitations 

In repeated CT scans, the radiation effect on bone is likely to vary depending on not only cumulative dose 

but also on scanning protocols as well as animal species, age, and size. In 17-week-old mice, three weekly 

scans with 1.255 Gy (cumulatively 3.765 Gy) had no effect on femoral trabecula.47 Conversely, in 

12-week-old mice, 3 to 4 weekly scans with 0.8459 Gy (cumulatively 2.538 to 3.384 Gy) decreased the 

volume fraction of trabecular bone in the radiated tibiae.10 The same study also showed that rats were 

more resilient to the same amount of radiation exposure than mice.10 Recently, the radiation effect of 

repeated CT scans on bone development of young rats, who are more sensitive to radiation,48 was 

investigated.11 A weekly dose of 0.83 Gy/scan (cumulatively 7.47 Gy) over 8 weeks through the ages 

from 4 to 12 weeks did not interfere with tibial bone development. However, a weekly dose of 1.65 

Gy/scan (cumulatively 14.85 Gy) or more adversely affected marrow cells and growth of tibiae. Although 

the radiation effects on bone regeneration could not be extrapolated from the effects on trabecula or on 

bone development, two doses of 2 Gy/scan with a 3-day interval in the present study will exceed a safe 

level of radiation and influence bone regeneration, even though the cumulative dose (4 Gy excluding the 

3rd scan, following which the animals are sacrificed) would stay within a safe limit. However, at least 

apparently, the repair of cortical bone defects occurred similarly as reported in earlier studies using a 

drill-hole injury model in mice.31,45 Monitoring over a week or so after the end of scanning might fail to 

detect a radiation-induced impairment of bone repair. Indeed, the effects on bone and marrow cell 

activities were shown to be evident at an earlier date,11,49,50 and the radiation effect on bone growth has 

been reported to reach a maximum 7 to 14 days after irradiation.51 

Spatial resolution and SNR in CT are limited by the radiation dose that can be applied; an 

increased dose is required with the 4th power of linear resolution to maintain SNR.12 Conversely, by 

lowering the resolution, the dose can be reduced substantially. In the present CT system, the dose/scan 

actually decreases to the same level (0.5 Gy/scan) as used in laboratory in vivo CT by increasing the 

voxel size from 6.54 to 9.25 μm. Furthermore, by allowing for the decrease in SNR to the comparable 

level with absorption-contrast CT as shown in Fig. 3A, the dose could be further reduced. Multi-distance 
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phase retrieval may be a possible alternative for reducing radiation dose in PB-PCT. Under the same 

radiation dose, multi-distance PB-PCT could result in a higher quality of image reconstruction than 

single-distance PB-PCT, especially with optimizing the number of distances and exposure time at each 

distance.52 Although the extra time for moving a detector and taking additional reference images is 

undesirable from the viewpoint of animal postural maintenance, this dose-effective method would be 

valuable for in vivo monitoring of bone microstructure. 

 

Concluding remarks 

We assessed the feasibility and validity of synchrotron radiation-based PB-PCT with single-distance 

phase retrieval for in vivo bone imaging through its application to monitoring of bone defect healing at 

three different time points in sham-operated mice, ovariectomized mice, and ovariectomized mice 

administered with 14,15-EET. Images of newly formed bone segmented by simple thresholding could 

demonstrate the ovariectomy-induced impairment of bone healing and the protective effect of 14,15-EET 

against it. Although imaging of bone tissue goes beyond its original use, PB-PCT with single-distance 

phase retrieval is shown to be potentially useful in tracking of local changes in not only bone architecture 

but also bone mineralization. However, its quantitative performance will be degraded for bone tissue with 

broad ranges of mineralization and mineral-to-matrix ratio. The future challenge is lowering the radiation 

dose to levels supposed to be safe, while maintaining image quality. The common dose used in bone 

scanning by synchrotron light lies between 0.5 and 1 Gy.25 Furthermore, although the present spatial 

resolution could serve to track the drastic changes in bone structure, the higher spatial resolution is 

necessary for identifying the micro-loci of bone formation and resorption through suppressing the partial 

volume effect or promoting the accuracy of image registration. 
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Appendix 

On the assumption that bone tissue is a uniform composite of hydroxyapatite, collagen fibrils, and water 

with volume fractions of h, , and  (= 1 – h – ), respectively, according to a simple additivity rule, 

the following equations are given: 

 = h · h +  ·  +  · , (A1) 

 = h · h +  ·  +  · , (A2) 

where h (= 5.88 × 10–7),  (= 2.62 × 10–7), and  (= 1.86 × 10–7) are the real part of refractive indices of 

hydroxyapatite (3.16 g/cm3),53 collagen fibrils (1.41 g/cm3),54 and water, respectively, and h (= 1.46 ×  

10–9),  (= 1.19 × 10–10), and  (= 0.96 × 10–10) are the imaginary part of the refractive index of each 

component at the X-ray energy of 33.4 keV. The real part of the refractive index was given by 1.35 × 

1010 2, where  is the density of the object in g/cm3 and  in cm,55 and the imaginary part was obtained 

from the NIST-XCOM database.56 The amino acid composition of rat type I collagen57 was employed for 

determining  from the database. 

It is plausible to assume from previous studies58–60 that h = 0.5,  = 0.4, and  = 0.1 for 

fully-mineralized bone tissue, leading to a bone density of 2.24 g/cm3 (70% hydroxyapatite by mass). 

Then, equations A1 and A2 yield  = 4.18 × 10–7,  = 7.89 × 10–10 (i.e.,  = 2.67 cm–1), and  = (  – 

s)/(  – s)  (  – )/(  – ) = 3.34 × 102. This value of  was set as the parameter in equation 2. 

For immature bone tissue, h/  = 0.75 could be assumed by reference to a 40% decrease in 

mineral-to-matrix ratio in few-day-old bone as compared with mature bone.61 This value of h/  

determines  = 3.60 × 102 uniquely. Then, assuming h/  = 0.75 at  = 0.8 cm–1,  is 7.8% higher than 

the set value at a bone density of 1.27 g/cm3. Instead, with fixing  = 0.4,  = 0.8 cm–1 leads to a bone 

density of 1.37 g/cm3 and  = 4.92 × 102, which differs by 47.1% from the set value. Similarly, at  = 1.1 

cm–1,  differs by 7.8% and by 24.4% from the set value when assuming h/  = 0.75 (a bone density of 

1.44 g/cm3) and  = 0.4 (a bone density of 1.51 g/cm3), respectively. Thus, the variation of  across a 

segmented bone volume increases by lowering a threshold of , especially through decreasing h only. 

For example, when setting a threshold of  = 0.6 cm–1, h = 0.053 and  = 0.4 lead to  = 6.33 × 102, and 

h = 0.058 and  = 0.1 lead to  = 3.79 × 102. These values of  are 89.6% and 13.5% higher, 

respectively, than the set value.  
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Figure legends 
 
Figure 1 Experimental setup. An X-ray energy of 33.4 keV was selected using a double bounce 

monochromator. An anesthetized mouse is placed on a stack of positioning stages in the supine 
position with stretching the hindlimb subjected to the drill-hole surgery in the vertical direction. 
The image detector comprises a scientific CMOS camera and a beam monitor with a 
gadolinium phosphor screen. 

 
Figure 2 (A, B) Transmission images acquired on the detector, located at 10 cm (absorption image) and 

60 cm (propagation-based image) downstream of the object, showing the proximal part of the 
tibia and fibula. (C) Phase-retrieved image of the middle. Bar, 1 mm. 

 
Figure 3 (A) Tomographic bone images of tibial proximal metaphyseal cross-section reconstructed by 

PB-PCT and absorption-contrast CT, matched by 3D image registration. The gray level (0–255) 
in the cross-sectional images is proportional to  (0–2.7 cm–1). (B) Images in A are positioned 
on top of each other. (C) 3D bone images, segmented into cortical (gray) and trabecular (white) 
bone regions. In B and C, bone regions are segmented with a threshold of  = 0.8 cm–1. Bars in 
A and B, 400 μm. 

 
Figure 4 (A) Scatter plot of  of the phase- vs. absorption-contrast CT images in Fig. 2A. The gray plots 

are confined to the overlapped region in Fig. 2B, where pha > 0.8 cm–1 and abs > 0.8 cm–1. The 
red and blue plots are confined to the region where pha > 0.8 cm–1 but abs  0.8 cm–1 and vice 
versa, respectively, corresponding to the mismatched red and blue regions in Fig. 2B. A 
nonparametric Spearman correlation coefficient ( ) is calculated for the gray plots. Dashed line 
shows identity. The regression slope deviated significantly from unity (95% confidence limits 
of slope: 0.874–0.886). Inset: Histogram of abs in the range of pha = 1.50–1.51 cm–1 on the 
horizontal dotted line (bin width: 0.03 cm–1). Its mean and standard deviation are 1.48 cm–1 and 
0.12 cm–1, respectively. (B) Reconstructed as a function of density ( ) of K2HPO4 solution, 
serving as the measure of apparent mineralization. A highly linear relationship was found 
between  and the density of K2HPO4 solution. 

 
Figure 5 (A) Tomographic images of the drill-hole defect segment of tibial cortical bone, reconstructed 

and 3D-registered for a sham-operated mouse on days 3, 7, and 11 after drill-hole surgery. (B) 
Newly formed bone in a cylindrical region (diameter, 510 μm; height, 170 μm) designated in 
the cortical defect, corresponding to each time point. (C) Superimposed 3D displays of 
matched images of the defect segment and newly formed bone within the defect acquired on 
day 3, 7, and 11. Bone regions observed only on day 7 (blue) and only on day 11 (red) were 
resorbed and generated, respectively, over 4 days from day 7 to day 11. Bone regions are 
segmented with a threshold of = 1.1 cm–1. 

 
Figure 6 Left: Volume fraction of newly formed bone in defects on days 3, 7, and 11. Right: Increase of 

bone volume fraction in defects over 4 days from day 3 to day 7, and day 7 to day 11. Data are 
expressed as box-and-whisker plot displaying the medians, 25% quartiles, 75% quartiles, and 
ranges of the data. There was a significant difference (#P < 0.05, ##P < 0.01) in bone volume 
fraction on day 7 and its increase over days 3 to 7 and 7 to 11 or a trend of difference (0.05  
(#)P < 0.1) in bone volume fraction on day 11 between groups, as assessed by Kruskal–Wallis 
tests. Dunn’s multiple comparison post hoc tests showed that the bone volume fraction on day 
7 and its increase over days 3 to 7 were lower in OVX than in Sham and OVX-E (*P < 0.05), 
whereas the increase of bone volume fraction over days 7 to 11 was or tended to be higher in 
OVX than in OVX-E (*P < 0.05) and Sham (0.05  (*)P < 0.1), respectively. 

 
Figure 7 Relative distribution of bone volume versus  within the defect region obtained from Sham, 

OVX, and OVX-E on days 7 (top) and 11 (bottom). The bone volume at each  value (bin 
width: 0.03 cm–1 is expressed as a percentage of the total volume of voxels where of  > 1.1 
cm–1. Values are mean ± standard deviation. 
















