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ABSTRACT   

Magnesium-based alloys are suitable materials for biodegradable bone implants due to their high biocompatibility and 

mechanical properties similar to bone. Diffraction tomography (DCT) is an imaging technique based on acquiring position-

resolved diffraction patterns at multiple angular orientations. DCT is able to provide information about the crystal structure of 

hydroxyapatite (HAp) in bone, which is necessary for understanding the influence of magnesium degradation on the bone 

tissue. This article presents a study of a sheep bone explant containing a biodegradable magnesium-zinc-calcium (BRI.Mag, 

Mg-Zn-Ca) alloy implant. The DCT data were reconstructed and analyzed using the MATLAB computing environment and 

ASTRA Toolbox. Thus, the DCT images with 200 μm pixel size were reconstructed, and, therefore, a DCT study workflow 

was developed. That allowed to retrieve the crystal lattice parameters of HAp such as full width at half maxima (FWHM) and 

reflection position around the implant surface of a selected (002) diffraction peak.  Based on these parameters, the 

corresponding d-spacing and crystal size of HAp were determined. It was shown that the degradation of the implant does not 

notably affect the lattice spacing of the bone within a distance of 3 mm from the implant surface. At the same time, the crystal 

size decreases closer to the implant (1.5 mm). The developed workflow for the reconstruction of a volume-resolved diffraction 

experiment of a bone explant containing metal implants is a convenient approach to investigate the crystal structure of the 

sample on exact locations in a non-invasive way. The workflow will be further applied for a broader range of samples 

containing Mg-based biodegradable implants.   
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1. INTRODUCTION  

Magnesium (Mg)-based biodegradable implants gained high attention in recent years. Due to high biocompatibility and good 

mechanical properties similar to the bone itself, Mg-based implants are suggested to be a beneficial tool in bone fracture 

treatment. The major advantage of such biodegradable implants is that they can degrade in the body and do not require surgical 

intervention for removal. This is more favorable for patient safety and lifts a part of the financial load from the healthcare 

system. Moreover, depending on the alloying elements, the properties of an Mg-based alloy, such as degradation rate and 

strength, can be tailored with respect to the application [1]. Alloying magnesium with calcium (Ca) and zinc (Zn), for instance, 

is reported to increase the biocompatibility and mechanical properties of the implant [2].   

To progress in the development of Mg-based implants, it is crucial to attain an in-depth understanding of the tissue 

reorganization following implantation and the incorporation of the implant into the bone matrix. Research on Mg-based 

implants has mostly focused on mechanical properties, degradation kinetics and inflammatory reactions, or bone growth [3]. 

Meanwhile, studies on the bone ultrastructure reaction are performed less often despite the high importance of the regeneration 

process and bone reaction to the implant and its degradation. Bone is a hierarchically structured composite material. There, the 

lowest level or the ultrastructure is presented by collagen fibrils and hydroxyapatite (HAp) platelets [4]. In order to understand 

how bone tissue reacts to implant degradation, it is necessary to study how the bone ultrastructure changes during healing [3]. 



 

 
 

 

During the healing process, the ultrastructure of a newly formed bone can be affected by 

implant degradation, e.g., ionic substitution or crystal structure defects. Due to this, the 

mechanical properties of the bone matrix might change, resulting in worse performance and, 

thus, failure of the implant. Previous studies, presented by Grünewald et al., showed the 

decrease in HAp platelet size and the platelet thickness in the areas with higher Mg 

concentrations, as well as the change of HAp platelets’ preferred orientation near an implant 

[5, 6]. Similarly, Zeller-Plumhoff et al. reported a decrease in crystal size near the implant 

area. While the d-spacing had the same values in the area near the implant (trabecular bone) 

and further (cortical bone) [3]. 

The X-ray diffraction (XRD) study of HA can provide knowledge about ultrastructural 

parameters. These are namely the bone crystal structure, changes in crystal parameters over 

time and with respect to the implant material, as well as possible atomic substitutions and 

positions of preferred substitution in the crystal lattice.  However, commonly used 2D XRD 

studies are limited to a slice from the sample and cannot provide the bulk information. 

Diffraction computed tomography (DCT), on the other hand, allows us to learn about the 

bone ultrastructure in the 3D volume by acquiring position-resolved diffraction data at many 

angular orientations of a sample [7]. Nevertheless, the amount of studies of bone with the 

use of DCT is limited. There were several DCT studies of bone samples performed in the 

last years. One was the study of a human bone with the resolution down to 120 nm with a 

beamsize around 30 × 30 nm2 [8], and the second was the study of bone fossils with a 

beamsize of 20×20 μm2 and voxel size of 150 µm [9]. Up to this day, no DCT study of bone 

explants containing a biodegradable implant has been performed. Therefore, the aim of this 

study was to develop and optimize the workflow of the DCT study of a bone explant containing biodegradable metal implant. 

 

2. MATERIALS AND METHODS 

2.1 Bone explant preparation 

The screw-shaped implant made of BRI.Mag alloy (Mg-Zn-Ca) was implanted into the sheep tibia. The animal trial was 

approved by the Austrian Federal Ministry for Science and Reasearch (Permit Number: BMWF-66.010/0017-II/3b/2014). The 

screws had a size of 5 mm in diameter and 20 mm in length. After six weeks of healing, the sheep was sacrificed, and the bone 

explant containing the implant was extracted. In order to preserve the explant, the sample was critical point dried. The resulting 

overall size of the sample was 10 x 20 mm. The reconstructed micro-computed tomography (µCT) image of the sample, 

obtained at P05 endsation at PETRA III storage ring at Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany), is 

shown in Figure 1. 

2.2 X-ray diffraction tomography experiment 

X-ray diffraction tomography was performed at the P07 side station at the PETRA III (DESY, Hamburg, Germany). An X-ray 

beam with energy at 87.1 keV was utilized, and the beam size was set to 0.2 mm in horizontal and vertical directions by slits. 

A 2D slice in the plane orthogonal to the screw axis was scanned with a 0.2 mm step size. The sample was mounted on a 

rotation stage to capture projections over 180° at an angular step size of 3° and an exposure time of 0.5 s. As a result, 4026 

XRD projections with the resolution of Δq = 0.006 Å-1 were obtained. A Perkin Elmer XRD 1621 flat panel detector 

(PerkinElmer, Waltham, US) was placed at a 1.485 m distance from the sample. For the data calibration, lanthanum hexaboride 

(Lab6) was used. 

2.3 Data reconstruction  

For the data reconstruction, we have followed the sequence shown in Figure 2. The parameters for the data calibration were 

determined by the DAWN 2.18.0 software suit (Diamond Light Source, Didcot, UK). That step was followed by XRD radial 

integration performed by using the DAWN software. The data was normalized to account for beam intensity and the sample 

Figure 1. µCT image of a 

sample containing the sheep 

bone femur explant and the 

BRI.Mag implant in the center. 



 

 
 

 

thickness on the basis of the transmitted beam intensity determined by the active beamstop for each measured sample position. 

From the normalized diffractograms, the XRD reflections from the 002 planes of HAp and Mg were selected for further 

processing as both peaks had a significant peak intensity and did not overlap with the peaks coming from the other material 

(Mg and HAp, respectively). In the next step, the sinogram of the XRD reflection was created, and the DCT images were 

reconstructed. The reconstruction algorithm was created with the use of the ASTRA Toolbox version 1.9 for 2D and 3D 

tomography. For the tomographic reconstruction, the Conjugate Gradient Least Squares (CGLS) algorithm was used, as it was 

proven to be effective in application to tomographical reconstructions [10, 11]. As a next step,  a Gaussian fitting with the use 

of the Matlab function “fminsearch” was executed. The fitting was computed utilizing the MATLAB  R2018a (The 

MathWorks, Inc., Natick, US) computing environment. By fitting a Gaussian, three parameters of the XRD signal were 

extracted: peak intensity I, full width at half maximum (FWHM), and the peak position (q). Additionally, a mask cutting out 

the sample background was applied in order to remove reconstruction artifacts around the sample surface. 

 

Figure 2. The flow chart representing the DCT data analysis workflow developed and optimized in application to the sheep bone explant 

containing the biodegradable Mg-10Gd implant. The workflow starts with XRD data calibration and normalization, followed by conversion 

of the data into the sinograms. After that, an image is being reconstructed. Later, a Gaussian fitting is applied to obtain lattice parameters, 

such as crystal size and d-spacing. How do those parameters change with a distance from an implant is then analyzed. 

 

2.4 Crystal lattice parameters 

In order to calculate the bone ultrastructure parameters on the basis of retrieved FWHM and q, the following approach was 

employed. The Bragg’s law, stating nλ = 2dsinθ, was used to calculate the d-spacing. There n is the diffraction order, λ is the 

X-ray beam wavelength, and θ is XRD reflection position. To calculate the crystal size, the Scherrer equation was utilized. 

Scherrer equation states that crystal size is equal to τ = Kλ/(FWHM×cosθ), where K is a shape factor.  



 

 
 

 

3. RESULTS AND DISCUSSION 

With the reconstruction approach described above, a 2D cross-section of the sheep bone explant containing bone tissue and 

the Mg-Ca-Zn screw after six weeks of healing was imaged. Figure 3 displays two different reconstructed X-ray diffractograms 

obtained from the bone and the implant area, respectively. The reconstructed diffractogram from the screw area shows a 

significant increase in Mg reflections intensity. 

 
Figure 4. False-colored DCT imagest of the explant containing Mg-10Gd screw (orange is implant, green is bone). a) material distribution 

map, b) d-spacing map, c) crystal size map, with a voxel size of 200 μm. 

 
Three parameters were obtained on the basis of the reconstruction of the XRD reflections: the peak position, the FWHM, and 

the peak intensity. Based on this, the d-spacing and the crystal size were calculated, while the intensity of the diffraction peaks 

enabled us to deduce a material distribution map. Figure 4 shows a fake-coloured material distribution, d-spacing, and crystal 

size maps, where orange represents the screw and green represents the bone.  The size of the screw image is slightly bigger 

than it is on the µCT image, which might be caused by the reconstruction artifacts, which, in turn, complicate the segmentation.  

 

Figure 5 shows the change of the d-spacing and crystal size values for the (002) HAp reflection as a function of the distance 

from the implant surface. Furthermore, the mean value of the d-spacing for the 002 plane of HAp over the whole sample was 

Figure 3. The reconstructed X-ray diffractograms (left) obtained from the voxels belonging to the screw (red) and bone (green). The 

HAp reflections (*) seem to maintain the same intensity, while the Mg reflections (○) are significantly more pronounced in the screw. 

Red and green rectangles on the µCT (right) identify the regions in which the reconstructed diffractograms were obtained. 

 



 

 
 

 

calculated, resulting in a value of 3.437 Å, which corresponds to the literature where a value of 3.437 Å is reported [12]. The 

average crystal size of 36 nm, as well, corresponds to the reported values of 20-50 nm [13].  

  

 
 

Figure 5.  The  (002) HAp reflection d-spacing (left) and crystal size (right) values as a function of the distance from the BRI.Mag implant 

surface. The d-spacing does not show a significant change with the distance from the implant, while the crystal size shows a decrease by 

approaching the implant interface. The values means and confidence intervals calculated over all voxel. 

 

Furthermore, the d-spacing and the crystal parameters were calculated as a function of the distance from the implant surface 

over all respective voxels. Figure 5 shows that the d-spacing does not change significantly as a function of the distance from 

the implant interface. The crystal size, on the other hand, seems to be lower in the area close to the implant (up to 1.5 mm).  

The study by Zeller-Plumhoff et al. focused on magnesium-gadolinium alloys and reported a similar behavior for both 

d-spacing and crystal size of HAp in trabecular bone (closer to the implant) and cortical bone (further from the implant) [3]. It 

was suggested that the lower values of crystal size might indicate a higher concentration of Mg, as was shown by Bertoni et 

al. or Grünewald et al.  [3, 7, 14].  As we observe similar changes in crystal size in the area close to the implant, it would be 

safe to assume that the bone in that area might contain the increased concentration of Mg. 

 

The obtained result can be refined by increasing the spatial resolution. That might be achieved by choosing smaller scanning 

and angular steps, as well as smaller beam size, which in turn would result in a longer time required for the measurement. 

 

4. CONCLUSION 

The first DCT study on a large animal model explant with an implanted biodegradable Mg screw was performed. The DCT 

analysis workflow for a bone sample containing a metal implant was developed and optimized. With the use of synchrotron 

X-radiation, the material distribution, crystal size, and d-spacing maps with 200 μm pixel size were reconstructed. The d-

spacing is shown to not be affected by the implant, while the crystal size decrease in the area close to the implant. The DCT 

approach is revealed to be a convenient method in ex vivo studies of a biodegradable metal implant degradation influence on 

the bone ultrastructure. 
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