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ABSTRACT 
The use of synchrotron radiation micro-computed tomography (SR-microCT) is becoming increasingly 

popular for studying the relationship between microstructure and bone mechanics subjected to in situ 

mechanical testing. However, it is well known that the effect of SR X-ray radiation can considerably 

alter the mechanical properties of bone tissue. Digital volume correlation (DVC) has been extensively 

used to compute full-field strain distributions in bone specimens subjected to step-wise mechanical 

loading, but tissue damage from sequential SR-microCT scans has not been previously addressed. 

Therefore, the aim of this study is to examine the influence of SR irradiation-induced microdamage on 

the apparent elastic properties of trabecular bone using DVC applied to in situ SR-microCT 

tomograms obtained with different exposure times. Results showed how DVC was able to identify 

high local strain levels (>10, s (~230 

kGy of accumulated dose), despite the apparent elastic properties remained unaltered. Microcracks 

were not detected and bone plasticity was preserved with 64 ms exposures (~33 kGy of accumulated 

dose), although image quality and consequently, DVC performance were reduced. DVC results 

suggested some local deterioration of tissue that might have resulted from mechanical strain 

concentration further enhanced by some level of local irradiation even for low accumulated dose. 
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1. Introduction 
A deep understanding of bone mechanics at different dimensional scales is of fundamental 

importance since musculoskeletal pathologies such as osteoporosis or bone metastasis are 

associated with alterations in the bone structure [1]. Thus, advances in mechanical characterisation of 

bone at the micro- and nanoscale [2 4] would ultimately improve the assessment of the effect of 

treatments and interventions in pathological conditions [5,6]. 

Several studies have investigated the relationship between microstructure and bone tissue mechanics 

using a combination of mechanical testing and X-ray micro-computed tomography (microCT), known 

as in situ (or 4D) microCT [7 10]. However, in situ experiments performed in laboratory microCT 

systems require long times to acquire high quality tomograms (high signal to noise ratio (SNR)) and 

reducing the scanning time is therefore an essential requirement. In this perspective, high-energy 

synchrotron radiation micro-computed tomography (SR-microCT) has become a very powerful 

technique able to combine fast acquisition of three-dimensional (3D) microstructures with high spatial 

resolution (~1 µm voxel size) [11,12]. Over the past decade, SR-microCT was employed for studying 

the microarchitecture and deformation field of bone under in situ mechanical testing [13 15], notably 

enhancing the understanding of bone failure mechanisms. Unfortunately, the cumulative effect of 

sequential step-wise SR-microCT irradiation on the mechanical properties of bone tissue was never 

addressed.  

Important guidelines to date on the effect of X-ray irradiation on bone mechanics were described in 

Barth et al. [16,17] who reported how high exposures to SR X-ray radiation lead to a deterioration of 

the mechanical properties of bone resulting in reduced strength, ductility and toughness as a 

consequence of collagen matrix degradation. Particularly, in [16, 17] deformation and fracture of 

human cortical bone were evaluated following irradiations up to 630 kGrays (kGy) to simulate typical 

scan time for a tomographic data set. It was shown how plastic deformation was suppressed after 70 

kGy of radiation, due to the reduction of strain carried by the collagen fibrils from ~80% (unirradiated) 

to ~40% of the applied tissue strain, and apparent strain decreased by a factor of five after tripling the 

radiation dose; ultimately, suggesting that in situ SR-microCT testing, typically requiring multiple 

sequential tomograms of the same sample over time, may result in accumulation of significantly large 

radiation doses that affect mechanical properties [6]. However, despite an ideal safety value in the 

region of 35 kGy (and below) was suggested, corresponding to the typical dose used to sterilize bone 

allografts [18], uncertainties still remain on what is the effect of X-ray SR radiation on the genesis and 

development of bone microdamage with different accumulated dose. Particularly, the impact of the 

total radiation dose, close to the proposed limit of 35 kGy, on bone elastic properties. In addition, dose 

calculation on bone in Barth et al. [16, 17] was carried out on mathematical terms taking into account 

only bone mass and assuming a reasonably uniform distribution for the absorption of X-rays within the 

sample. This may be working well in some experiments but not in others where multiple materials are 

on the beam-path (i.e. in situ loading devices containing the bone in saline solution) and certainly can 

only provide an average evaluation, where local dose on the tissue cannot be estimated.   

With the recent and rapid advances of high-resolution microCT in conjunction with in situ mechanical 

testing [19,20], digital volume correlation (DVC) [21] has gained increasing popularity as the only 



image-based experimental technique capable of investigating 3D full-field displacement and strain in 

trabecular bone [22 25], cortical bone [25,26], wholes bones [27 30], biomaterials [31] and bone-

biomaterial systems [32] under different loading conditions. Very recently, DVC applied to SR-

microCT of bone has been used to characterise the level of uncertainties in displacement and strain 

measurements for different bone types, including bovine trabecular, bovine cortical and murine tibiae 

[33]. However, to the authors knowledge, there is only one study using DVC for actual in situ SR-

microCT testing of cortical bone [26], but none reporting SR-microCT-based DVC for trabecular bone. 

In addition, Christen et al. [26] proposed a DVC analysis, assuming that the obtained displacements 

and strains were only related to the bone mechanics and virtua SR radiation and 

total accumulated radiation dose during sequential tomography. Therefore, it is critical to evaluate 

how bone mechanics, particularly in the elastic regime, is influenced by SR-microCT exposure during 

in situ experiments on bone, confirming that the irradiation does not induce important damage to the 

tissue. This is also a mandatory pre-requisite to fully enable the application of DVC computed on bone 

undergoing in situ SR-microCT mechanical testing, particularly for tomograms with resulting quality 

that may be limited by safe X-ray dose. On the other hand, the unique ability of DVC to detect local 

levels of strains in bone structures with the consequent possibility of predicting failure location [30] 

when values in the range of 8,000-10,000  

[34,35]) are computed can provide precious indications on the local degree of tissue deterioration due 

to cumulative SR X-ray exposure. 

The aim of this study was therefore to use DVC applied to in situ SR-microCT images of trabecular 

bone in order to investigate, for the first time, the influence of SR irradiation-induced tissue damage 

on the apparent elastic properties at variable radiation doses. In addition, the dose distribution 

delivered to bone specimens was simulated to gain a better understanding on the combination of local 

irradiation and mechanical strain concentration on tissue damage. Doses ranging from 4.7 to 32.9 

kGy per tomogram were investigated, achieved by varying the exposure time to SR X-ray radiation 

(from 64 to 512 ms per projection). The findings of this paper will improve knowledge on bone 

degradation during SR X-ray exposure and provide important indications on procedures to be used for 

in situ mechanics and DVC evaluation. 

2. Methods 
2.1. Specimen preparation 
Ovine trabecular bone from fresh frozen femoral condyles was used in this study, following Ethics 

approval granted by the Royal Veterinary College and in compliance with the United Kingdom Home 

Office regulations (Animal Scientific Procedures Act [1986]). Four cylindrical cores, 18 mm in height, 4 

mm in diameter were extracted from the femoral lateral condyles in proximal-distal direction by drilling 

with a coring tool and the ends of the cores were trimmed plane and parallel. End-constraint was 

achieved by embedding the ends of the samples in poly-methyl-methacrylate (PMMA) endcaps. 

Approximately, 5 mm of bone was embedded into each endcap to achieve a 2:1 aspect ratio and 

reduce experimental artifacts [36]. Samples were kept frozen at 20° and thawed for approximately 

2h in saline solution at room temperature before testing.



2.2. SR-microCT imaging and in situ mechanics 
SR-microCT was performed at the Diamond-Manchester Imaging Branchline I13-2 [37] of Diamond 

Light Source (DLS), UK. A filtered (1.3 mm pyrolytic graphite, 3.2 mm aluminium and 60 µm steel) 

5-35 keV) was used with an undulator gap of 5 mm for data collection and, 

to limit sample damage, 11 mm for low-dose alignment. The propagation (sample-to-scintillator) 

distance was approximately 50 mm. Images were recorded by a pco.edge 5.5 (PCO AG, Germany) 

detector which was coupled to a 500 µm-thick CdWO4 scintillator and a visual light microscope (Fig. 

1-I). The effective voxel size was 2.6 µm, with a field of view of 6.7 x 5.6 mm. Different X-ray radiation 

doses were obtained for each specimen by using variable exposure times per projection: 512, 256, 

128 and 64 ms, with 11 ms overhead per exposure. For each dataset, 1801 projection images were 

The final image was not used for 

reconstruction but was compared to the first image to check for experimental problems including 

sample deformation and bulk movements [38]. The projection images were flat and dark corrected 

prior to reconstruction. For each dataset, 40 flat and dark images were collected. Reconstruction was 

performed at DLS using the in-house software, DAWN [38,39], incorporating ring artefact 

suppression.   
In situ uniaxial compression testing was performed via a micro-mechanical loading stage (CT5000, 

Deben Ltd, UK).  Specimens were immersed in saline solution throughout the test to simulate 

physiological conditions. All tests were carried out under displacement control at a constant cross-

head speed of 0.1 mm/min. A small preload (5 N) was first applied to ensure good end contact prior to 

testing, followed by 10 cycles of preconditioning. Each bone specimen was then subjected to seven 

loading cycles in the apparent elastic range [39] (0.5% global strain) and full tomographic datasets 

were acquired under compression at the end of each cycle (Figure 2), after allowing the samples to 

settle for 10 minutes to reduce stress relaxation during imaging. Specimens that did not show any 

visible microdamage (i.e. microcracks) after visual inspection of the reconstructed images at the end 

of the loading cycles were loaded up to failure to investigate the presence of apparent plasticity in the 

bone.   

For each specimen, seven datasets were obtained corresponding to the different loading cycles. The 

3D images (Figure 1-II, III) were filtered (Figure 1-IV) and masked (Figure 1-V) prior to DVC analysis 

(Supplementary Material S1).  Additionally, the bone volume (BV) was obtained using BoneJ [40] 

plugin for Fiji to assess possible correlations with DVC measurements. 



Figure 1. (I) Experimental setup at I13-2 beamline. The direction of the beam is indicated by the 
dashed line (a). Samples were scanned within the loading stage (b) using a pco.edge 5.5 detector (c) 
and a 1.25X objective (2.5X total magnification) (d). SR-microCT reconstruction of trabecular bone 
(II): each cylindrical specimen was imaged with an effective voxel size of 2.6 µm using different 
exposure times: 512, 256, 128 and 64 ms. A cubic (1000*1000*1000 voxels) volume of interest (VOI) 
was obtained at the centre of each specimen (III). 2-dimensional (2D) slice through the middle of the 
VOI before (IV) and after (V) mineralised tissue was masked from the marrow. 

2.3. Dose calculation 
The average photon energy and photon flux during the synchrotron experiment was estimated using 

SPECTRA code [41], to be 28.93 keV  and 4.9 x 1013 photons/s respectively (23 keV and 3 x 1010 

photons/s during alignment), using a 2 x 2 mm aperture 220 m after the X-ray source. These values 

took in consideration the transmission of the filters and the reflectivity of the platinum mirror used 

during the experiment. The delivered dose rate  was estimated using FLUKA Monte Carlo code [42], 

for a fixed set of parameters used in the Beamline. The geometry simulated consisted on a trabecular 

bone specimen within the loading device (Supplementary Material S2). The bone specimen was 

assumed as a cylinder (4 mm diameter, 10 mm length, density of 0.5 g/cm3 [43]) placed in the centre 

of the environmental chamber (40 mm inner diameter, 3 mm thickness) made of glassy-carbon 

(density of 1.5 g/cm3) and filled with saline solution (density of 1 g/cm3). The chamber was located 

inside the loading stage glassy-carbon tube (56 mm inner diameter, 4.5 mm thickness). The 

implemented stoichiometry was the following: Ca-22.5, P-10.3, C-15.5, N-4.2, O-43.5, S-0.3, Mg-0.2. 

The simulation results have an error below 15%. The nominal radiation dose absorbed by each 

sample during sequential tomography was computed multiplying the dose rate by the scanning time.

2.4.  Digital volume correlation 
DaVis-DC software (v8.3, LaVision, Goettingen, Germany) was used to couple SR irradiation-induced 

damage and mechanical bone yielding with the differences in full-field strains developed in the tissue 

after each loading cycle for the highly- and lowly-irradiated specimens (512 and 64 ms). The software 



is based on a local approach of DVC computation, which has been deemed sufficiently precise to be 

used in bone mechanics [24,32,44 47]. Details on the computation algorithm used in DaVis-DC are 

reported elsewhere [31,44]. The evaluation of the level of uncertainties r  was 

performed in the first two consecutive datasets for both specimens, obtained under the same constant 

nominal strain, where the irradiation-induced damage was deemed as minimal (Supplementary 

material S1). DVC was applied to the masked images (where the non-bone was treated as a black 

), to avoid large strain artefacts in regions with no pattern (i.e. saline solution, 

marrow). The presented DVC computation relied on a multi-pass scheme with a final sub-volume of 

64 voxels, producing the best compromise between precision and spatial resolution (precision errors 

below 2 µm for displacements and lower than 510 µ ). This was then used to register the reference 

image (first loading cycle) with each of the remaining images after each loading cycle and computing 

the corresponding differential strain field (Figure 2).  

To allow comparisons with previous studies, two different scalar indicators were computed for each 

registration: mean absolute differential strain value and standard deviation of the differential strain 

value, defined as the mean and standard deviation, respectively, of the average of the absolute 

values of the six components of strain for each sub-volume (similar to MAER and SDER [33,48]). The 

correlated volume (CV) was assessed as the volume where correlation was achieved. The correlated 

bone volume (CV/BV) was then computed dividing the CV by the BV. Data were screened for outliers 

applying the criterion of Peirce [49] to the CV/BV. In order to evaluate the full-field differential strain 

distribution in the VOIs over time in relation to the deformation induced by the SR irradiation damage, 

maximum and minimum principal differential strains were computed for the samples exposed to 

higher and lower radiation. Additionally, the damaged bone volume (BVy) was computed as the tissue 

voxels exceeding ±10, . 

Figure 2. Workflow used to combine in situ SR-microCT and DVC. Specimens were cyclically loaded 
in the apparent elastic regime (up to 0.5% nominal strain) seven times and SR-microCT images were 
acquired under maximum load. DVC was performed using the first 3D image as a reference state and 
computing the differential strain field between the reference and the remaining consecutive 
tomograms. 



3. Results 
A qualitative inspection of the SR-microCT images showed the development of multiple microcracks 

(Fig. 3-I, 3-II) in the samples imaged at higher exposure times (512 and 256 ms) that started to be 

visible after the fifth and sixth cycles, respectively. Microdamage in the second one (256 ms) 

degenerated into a trabecular collapse and samples imaged at lower exposure times (128 and 64 ms) 

did not present any visible microcracks. Detailed images of a single trabecula (Fig. 3-III) allow a better 

comparison of the image quality. Bone lacunae can be identified only for the highest exposures (512, 

256 ms). Additionally, important ring artifacts are visible in the 128 ms specimen.  

The stress-strain curves (Fig. 4) presented a different behaviour for each of the specimens studied. 

The apparent mechanics of the 512 ms sample (Fig. 4-I) remained within the elastic range even after 

the microcracks started to develop (after the fifth cycle). A maximum global stress of 0.4 MPa was 

reached at 0.5% nominal strain in the first cycle, and a progressive reduction of the stiffness was 

observed. The 256 ms sample reached the same maximum global stress (0.4 MPa) at 0.5% strain, 

however, the reduction of the stiffness after 5 cycles was considerably higher. A less pronounced 

reduction of stiffness was found for the 128 ms specimen (Fig. 4-III)., whereas the sample imaged at 

lower exposure time did not show any notable changes in the apparent elastic properties during the 

seven loading cycles (Fig. 4-IV). At a nominal applied strain of 0.5%, maximum global stress of 0.48 

and 0.60 MPa were obtained for the 128 and 64 ms specimens, respectively. Samples imaged at the 

highest exposures failed within the estimated elastic range from the previous cycles (Fig. 4-V). For the 

256 ms sample, a fragile failure was reached after the sixth loading cycle, when the microcracks 

started to be visible, under an applied load within the previously estimated elastic range. Conversely, 

the less irradiated samples did not reach the failure within the seven applied loading cycles, in 

agreement with the visual inspection of SR-microCT images. The 128 ms specimen did not present 

any plasticity before failing, which was then reached at ~1.7% global strain with an applied stress of 

1.4 MPa. The stress-strain curve of the 64 ms specimen instead presented the typical behaviour of 

ductile cellular materials, such as trabecular bone. The yield was observed at 0.9% strain, resulting in 

a 0.99 MPa yield stress. Failure was experienced at 0.97 MPa stress and 3.9% strain.  



Figure 3. SR-microCT 2D slices acquired under load in the trabecular elastic range (0.5% apparent 
strain) at different exposure times (rows for 512, 256, 128 and 64 ms) per projection after the 1st 
(column I) and 7th (column II) loading cycles. White squares indicate regions augmented to show a 
single trabecula (column III). Red arrows indicate damage location in the tissue (i.e. microcrack, 
fracture). Bone lacunae remain visible within the trabeculae (column III) only for the highest 
exposures (512, 256 ms), whereas no features could be identified for the lowest exposures (128, 64 
ms).  



Figure 4. Stress-strain curves for the tested specimens. (I-IV) are showing the 1st (blue), 4th (orange) 
and 7th (green) loading-unloading cycles (solid-dotted curve, respectively). Reduction in the stiffness 
after each cycle is observed in I-III. Samples imaged with exposure of 128 and 64 ms were loaded up 
to failure after the seven loading cycles (V), whereas the ones at 512 and 256 ms exposure were 
damaged or failed within the previous seven elastic cycles. 

  



The dose rate distribution simulated in the bone cylinder is shown in Figure 5. Maximum dose (58 

Gy/s) is accumulated in the centre of the specimen (Fig. 5-II, III) where the X-ray beam impinges on 

and decreases through the sample (Fig. 5-I), with minimum dose (2.7Gy/s) towards the base of the 

cylinder. The average dose rate within the cylinder was computed as 35 Gy/s (6.4 Gy/s standard 

deviation) during image acquisition (0.2 Gy/s during alignment). The accumulated dose for each 

specimen during the sequential tomograms is reported in Table 1, together with the total scan time 

computed as a function of the exposure time per projection.  

Figure 5. Dose rate distribution within a cylindrical trabecular bone specimen simulated in FLUKA. 3D 
sections in x (I), y (II) and z (III) directions of the simulated bone specimen within the saline solution 
are shown. The X-ray beam comes along the z direction from negative to positive direction.  

Table 1. Total scan time and nominal radiation dose absorbed by each sample per cyclic loading, 
calculated by varying the exposure time. Values were truncated to one decimal place. 

Exposure time 512 ms 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 15.7 31.4 47.1 62.8 78.5 94.1 109.8 
Dose accumulated (kGy) 32.9 65.9 98.8 131.8 164.7 197.7 230.6 
Exposure time 256 ms 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 8.0 16.0 24.0 32.0 40.1 48.1 56.1 
Dose accumulated (kGy) 16.8 33.6 50.5 67.3 84.1 100.9 117.7 
Exposure time 128 ms 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 4.2 8.3 12.5 16.7 20.9 25.0 29.2 
Dose accumulated (kGy) 8.8 17.5 26.3 35.0 43.8 52.5 61.3 
Exposure time 64 ms 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 2.3 4.5 6.8 9.0 11.3 13.5 15.8 
Dose accumulated (kGy) 4.7 9.5 14.2 18.9 23.6 28.4 33.1 
 

Values of the correlated bone volume, damaged bone volume and (mean and standard deviation) 

differential strain values from DVC are summarized in Table 2. The more irradiated specimen (512 

ms) presented a decrease in the CV/BV as the number of load cycles increased (from 93.6% to 

66.3%), consistent with the development of microcracks in the tissue. Conversely, the less irradiated 

specimen (64 ms) showed a more stable CV/BV for all the analysed images. The application of 



 criterion concluded that the CV/BV after 4 and 6 cycles (lowest CV/BV) were outliers and 

strain results were therefore not computed. Mean and standard deviation of the differential strain 

values after the second loading cycle (first two consecutive tomograms) can be interpreted as 

indicators of the baseline strain uncertainties; these increase for lower exposure due to the decrease 

of image quality, with a precision value below 150 -irradiated specimen and slightly 

above 500 -irradiated specimen. Both bone volume damage and differential strain 

value progressively increase with the applied loading cycles and consecutive scans. This increment 

was more dramatic in the 512 ms specimen, with more than half its volume exceeding the considered 

threshold in the yield strain (± 10,000 µ ). 

Table 2. Correlated bone volume (CV/BV), damaged bone volume (BVy) and mean ± standard 
deviation of the differential strains ( ) for each loading cycle in the specimens subjected to highest 
(512 ms) and lowest (64 ms) exposures, as computed using DVC. 

Exposure time 512 ms 
Load cycles 2 3 4 5 6 7 
CV/BV (%) 93.6 90.6 85.6 74.2 73.4 66.3 
BVy (%) 0 0 0.24 30.1 61.2 57.1 

  405 ± 142 828 ± 320 1546 ± 582 3632 ± 1660 5546 ± 2078 6752 ± 2830 
Exposure time 64 ms 
Load cycles 2 3 4 5 6 7 
CB/BV (%) 94.3 88.5 72.7 88.4 73.7 88.3 
BVy (%) 0 0 NC1 7.0 NC1 13.9 

  928 ± 504 868 ± 502 NC1 1369 ± 1155 NC1 1563 ± 3142 
 

The internal differential strain distributions (first and third principal strain components) for the highly 

irradiated sample imaged are reported in Figure 6. The distribution of both components well described 

the damage events. After the first two loading cycles, the differential strain distribution was 

homogeneous throughout the entire volume (Fig. 6-I). As the loading cycles increased, the strain 

values increased, and the strain field became more heterogeneous (Fig. 6-II, III), in agreement with 

the random distribution of microcracks within the entire volume. The histograms for both differential 

principal strains (Fig. 6-IV) captured the strain evolution within the studied VOI. After two loading 

cycles, the number of sub-volumes exceeding ±1, , however, increasing 

the loading cycles and therefore the total exposure to radiation, the number of sub-volumes 

exceeding those values increased significantly, reaching maximum amplitude values exceeding ± 

at the end of the test. In addition, a single trabecula was tracked during the different cycles 

to visualize the progression of strain coupled with the microdamage in the tissue (Fig. 7). It can be 

seen how maximum differential strains were reached in regions of microcracks development (red 

arrows). Microcracks location corresponded to strain values above 8, tension and 6,

compression after 5 loading steps and exceeded  at the end of the test. Despite the 

development of multiple microcracks, the overall look of the tracked trabecula did not present any 

noticeable change in the deformed configuration. Additionally, before damage became identifiable (5th 

cycle), the strain distribution seemed to predict the location of damage initiation. In an analogous 

manner, the differential strain distribution was plotted for the sample imaged at low exposure time (64 



ms). Both first and third differential principal strains are shown in Figure 8. Although slightly higher 

strain values were found after loading the sample for seven cycles, the differences in the 3D full-field 

differential strains at the end of each step were minimal. The histograms (Fig. 8-IV) showed maximum 

amplitudes below 1, in tension and compression after the 5th loading cycle and close to 3,000 

after the last loading step.  

Figure 6. 3D differential strain distribution in trabecular bone tissue for the highly-irradiated sample 
(512 ms/projection). First ( p1) and third ( p3) differential principal strains are represented after two 
(I), five (II) and seven (III) loading cycles. Histograms of the differential strain distribution in the tissue 
voxels (IV) after the same loading cycles are shown with the correspondent maximum strain 
amplitudes. High exposures produced an important damage in the bone during sequential tomograms 
and the differential first ( p1) and third ( p3) 
7th cycle. 

Figure 7. 3D distribution of first ( p1) and third ( p3) principal differential strains on a single 
trabecula tracked during the different loading cycles (cycle number indicated for each DVC 
computation) for the highly irradiated sample (512 ms/projection). Arrows indicate microcracks visible 
in the tissue. 



Figure 8. 3D differential strain distribution in trabecular bone tissue for the low-irradiated sample 
(64ms/projection). First ( p1) and third ( p3) differential principal strains are represented after two 
(I), five (II) and seven (III) loading cycles. Histograms of the differential strain distribution in the tissue 
voxels (IV) after the same loading cycles are shown with the correspondent maximum strain 
amplitudes. The reduction in exposure time considerably reduced the damage induced in the bone 
during sequential tomograms, although some areas of strain concentration could be identified.

4. Discussion 
The main aim of this paper was to investigate and quantify, for the first time, the influence of the 

irradiation-induced trabecular bone damage on its apparent elastic properties and local deformation 

using DVC applied to in situ SR-microCT images. Structurally, the irradiation affects the collagen 

environment (increasing the degree of cross-linking), resulting in a progressive loss in the post-yield 

deformation leading to a decline in strength, toughness and ductility of bone [16]; thus, special 

attention is needed for in situ mechanical studies involving high energy X-ray radiation. A deeper 

understanding of the full-field differential strain accumulated in the tissue due to the X-ray synchrotron 

radiation was achieved. In fact, despite that a number of studies used SR-microCT in conjunction with 

in situ mechanical testing to characterize bone microstructure and mechanics [13 15], the potential of 

DVC  to high resolution SR-microCT remains partially unexplored [26,33].  

The results reported in this paper clearly show the progressive strain accumulation in the tissue when 

increasing the total exposure time to SR X-ray radiation (Figs. 6, 7), and consequently the 

accumulated radiation dose.  Furthermore, DVC successfully correlated the presence of microcracks 

in the highly-irradiated sample to large levels of tensile and compressive strains, above or close to the 

typical values of trabecular bone yielding (i.e. 6,200 10,400  [34] 

for human trabecular tissue and 7,8 ,9  [35] for bovine 

trabecular tissue). In fact, the main potential of DVC is in its ability to predict damage location before 

gross failure occurs, when high-strain concentrations typical of tissue yielding are building up [29,30]. 

In this sense, the results herein obtained clearly show how local strain concentration progressed from 

the 4th loading cycle and resulted in microcracks detection in the next cycle (Fig. 7). It could be argued 

that the applied repetitive loading during the experiment, much like a low cycle fatigue, may influence 



the full-field strain measured in the tissue. In fact, it is not easy to decouple both phenomena. Singhal 

et al. [50] distinguished between the damage due to mechanical loading and irradiation by using 

control samples subjected only to load or irradiation and found that although the apparent modulus 

remained unaffected by both events, the residual strains were largely altered primarily due to the 

irradiation, and, to a lower extent, by mechanical loading. However, this type of analysis is not 

possible when using DVC applied to SR-microCT in situ tested samples, as image acquisition is 

needed, and this necessarily involves exposure to irradiation. Furthermore, for the less irradiated 

specimen (64 ms) some areas of strain concentration were identified using DVC from the second load 

cycle (Fig. 8) even though the apparent mechanical behaviour of such specimen was normal (Fig. 4-

IV). This localised strain concentration was further recognised, and its evolution was tracked during 

the remaining loading steps. Despite the fact that all the specimens were loaded in the apparent 

elastic regime (0.5% global strain) and that the stress-strain curve for the 64 ms specimen presented 

a linear elastic behaviour beyond 0.5% strain, some microstructural damage can still appear. In fact, 

as reported by Moore et al. [39] while an applied compressive strain of 0.4% resulted in no 

microdamage to the specimens, an increment of the strain from 0.4% to 0.8% showed an increase in 

the number of damaged trabeculae. Additionally, the top face of the specimen experienced important 

levels of compressive strain, more likely due to the applied load than to the radiation exposure. Also, 

as only a small VOI at the centre of the specimens was analysed it is then possible that strain 

concentration out of that region was not assessed using DVC, what may affect the computation on the 

edges of the VOI. However, the aim of this study was to quantify the effect of the irradiation on the 

bone tissue and it has been shown (Fig. 5) that maximum doses are accumulated in the centre of the 

specimen where the X-ray beam impinges.  

In order to define a safe exposure that would not compromise the mechanical stability of the tissues, 

different exposure times to SR irradiation were evaluated, leading to a wide range of radiation doses. 

The total radiation dose absorbed by the specimens depends on multiple factors. However, the 

delivered dose rate is based on the specifications of the tomography beamlines (i.e. flux, energy) and 

it is more complex for users to control. Therefore, varying the total exposure time (number of 

projections and/or exposure per projection) results on a straightforward approach to achieve different 

radiation doses. In addition, being the current study based on DVC performance itself, it was decided 

to control exposure as for image quality. It has been shown (Fig. 3) that reducing the exposure down 

to 64 ms facilitated tissue preservation, but at the same time the image quality was significantly 

reduced. This was perceived by DVC as important levels of strain uncertainties up to ~500 , 

although still acceptable to discriminate tissue yielding. Furthermore, the reduction of image quality 

may also be responsible for the low CV/BV found for the 4th and 6th loading cycles, identified as 

outliers. In any case, DVC indicated that the microdamage induced by irradiation was by far more 

important that the uncertainties (Figs. 6, 7). Two recent studies [33,47] measuring strain uncertainties 

on high-quality images obtained by SR-

equivalent sub-volume size, close to the values obtained in this study for the highly irradiated 

specimen, where image quality is comparable. It is worth to recall that the strain uncertainties 

computed in this study were not based on a zero-strain test that is typically performed in DVC studies 



[33,44,46], as all the images were acquired under applied load and this can potentially alter the 

significance of uncertainty measurement due to the random presence of mechanically accumulated 

strains. For this reason, all the registrations performed using DVC were considered as differential or 

residual strains, where the strain produced in the compression stage up to 0.5% could not be 

computed. In fact, since the aim of this work was to assess the effect of X-ray radiation on the 

apparent mechanics of the tissue, introducing two more scans before loading the specimens would 

have produced an additional dose accumulation on the specimens prior to the mechanical testing; 

hence, potentially altering the tissue properties. The reliability of DVC in terms of strain uncertainties 

on tissue measurements is limited in most microCT systems [44,51] that typically have low spatial 

resolution and SNR. By contrast, SR-microCT enables micro-resolution at high SNR, providing more 

features to improve DVC computation, and therefore the characterization in a 3D manner of bone 

microdamage. However, this study illustrates that when prolonged exposure times are required, the 

microstructural integrity of bone tissue is compromised. Consequently, one could question the results 

of any mechanical studies involving high irradiation levels. Hence, it is surprising that bone tissue 

behaviour has been previously studied using time-lapsed SR-microCT [14,26] and, although concerns 

about the effect of the irradiation were discussed, the possible microcracks formation and/or 

progression due to irradiation damage was never addressed. 

The accumulated dose distribution delivered to each bone specimen was simulated using FLUKA 

Monte Carlo code, which has been extensively used for dose calculations in the medical field [52 54]. 

The simulation considered not only the trabecular bone specimen but also its environment, which 

seemed to considerably reduce the average dose rate compared to that of the bone in dry air 

(decrease on the average dose rate from 90 Gy/s to 35 Gy/s). Bone specimens were simulated as 

homogeneous cylinders with an apparent density of 0.5 g/cm3 (see supplementary material S2). The 

chosen density value is well aligned with the bone mineral density of ovine femoral condyles [55] and 

the average volume fraction, and in agreement with previous literature [43]. Despite a simulation 

based on the real trabecular geometry would be beneficial for a more accurate estimation of the local 

dose accumulation in the tissue, it was beyond the scope of this study. However, a correlation 

between tissue strain developed due to SR radiation and related local dose would be an attractive 

topic for further studies in the field.  

The average dose computed in this study with FLUKA is well in agreement to that obtained using 

mathematical formulation previously proposed [16] (see supplementary material S2). Barth et al. [16] 

defined a safe  irradiation level of 35 kGy and since then, this has been considered as a reference in 

several studies using SR radiation for imaging bone tissue [56,57]. That dose value corresponds to 

the maximum standard dose typically used in tissue banks in order to sterilize bone allografts for bone 

replacement  [18]. In a follow-up study [17], it was suggested that no notable difference in the 

mechanical integrity of the bone could be detected for irradiation doses below 35 kGy. In agreement 

with that statement, the present study showed that for the less irradiated specimen (dose of ~33 kGy) 

the stress-strain curve presented a normal behaviour, although DVC identified higher strain values at 

the end of the loading cycles. High strains may as well be caused by localised tissue irradiation, other 

than local mechanical strain concentration, which could not be visually detected in the reconstructed 



images due to the low SNR. In fact, the simulated dose rate can locally reach values of 60 Gy/s (Fig. 

5), which results in a radiation dose of ~50 kGy for the less irradiated specimen after seven 

tomograms, and this may induce some tissue microdamage accumulated over sequential acquisition. 

This is an important aspect as some local microdamage could still be produced by SR radiation even 

when apparent average dose is contained within safe values. Additionally, it could be seen that for a 

total dose ~60 kGy, a loss of plasticity was observed for the 128 ms specimen (Fig. 4-V), in a 

comparable way as found by Barth et al. [16] for irradiation doses as low as 70 kGy. Most importantly, 

this study illustrates that the presence of microcracks is not always correlated with an alteration on the 

apparent mechanical properties of the bone (Fig. 3-I). In fact, despite the accumulated dose was 

above 230 kGy, the elastic apparent properties remained unaltered. This finding is particularly 

interesting and suggests how only apparent mechanical behaviour of bone is not necessarily 

indicative of structural integrity and preserved properties, when specimen is exposed to high-flux 

synchrotron radiation.  

To date, different studies have investigated how SR radiation affects the deformation and fracture 

properties of human cortical bone [16,17] and bovine cortical bone [50], nevertheless this work 

presented the first quantification of the irradiation-induce damage at tissue level. At the apparent 

level, this study reported insignificant effect on the elastic behaviour; conversely, the plastic 

deformation was largely affected, in accordance to previous literature [16,17,50]. Strain evaluation on 

the irradiated specimens was carried out by Barth et al. [17] and Singhal et al. [50] using in situ Small- 

and Wide-Angle X-ray Scattering (SAXS and WAXS). A partition of strain between the collagen fibrils 

and mineral crystal is possible using both techniques; however, in situ SR-microCT overcome the 

limitations of two-dimensional information in SAXS and WAXS experiments, providing  three-

dimensional structural information. A correlation of different imaging techniques at various 

dimensional scales would allow a better understanding of the main mechanism causing the damage 

accumulation in the bone tissue. While SAXS and WAXS could provide information on the changes in 

the toughening at the level of the mineralized collagen fibrils and the mineral particles, in situ SR-

microCT would allow visualization and quantification of the induced damage, as well as a full-field 

strain computation using DVC.  

In situ SR-microCT mechanical testing and DVC in biological tissues, such as bone, requires the 

acquisition of several tomograms to study deformation mechanisms. This process inevitably exposes 

the tissue to SR radiation for a good amount of time that can obviously vary depending on the 

proposed experimental design (i.e. number of in situ steps p/experiment). In this context, the results 

reported in this study could be useful to inform some aspects of SR-microCT experiments for the in 

situ evaluation of biological tissues. For example, synchrotron users could interact with beamline 

scientists to produce a quick simulation like the one proposed in the current work to evaluate the 

expected irradiation dose levels in advance and consequently plan the experiment based on the total 

amount of time that samples can be exposed.  

However, further investigation should be performed to evaluate the optimal imaging setting preserving 

bone tissue integrity while maximizing imaging quality, and clearly establishing the damage induced 



on the tissue. In this way, DVC measured strain uncertainties could be minimised and successfully 

applied to SR-microCT in situ mechanically tested bone samples.  

5. Conclusion 
The internal full-field strain from DVC applied to SR-microCT images under a constant applied load at 

different cycling steps was measured in trabecular bone samples for different exposures to X-ray SR 

radiation. Local and average dose on the bone were simulated taking into account all the materials in 

the beam-path. Average maximum dose values ranged between ~33 and ~ 230 kGy for exposures of 

64 and 512 ms per frame, respectively. Irradiation-induced microcracks developed in the tissue were 

successfully matched with important level of strain when a higher exposure time of 512 ms was used. 

Reduced exposure (64 ms), leading to a considered safe average dose of 35 kGy, was able to control 

the microdamage and preserve the mechanical performance of the tissue, but notably decreased the 

quality of the images and consequently the DVC performance. Image settings and number of scans 

performed should be carefully chosen prior to any in situ SR-microCT experiment in order to maintain 

the radiation dose below the suggested safe threshold (35 kGy), without compromising the 

mechanical properties of the tissue. Future work is mandatory to clearly establish the damage 

induced on the tissue in SR-microCT for in situ mechanics, as well as consequent DVC performance. 
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Figure 1. (I) Experimental setup at I13-2 beamline. The direction of the beam is indicated by the dashed 
line (a). Samples were scanned within the loading stage (b) using a pco.edge 5.5 detector (c) and a 
1.25X objective (2.5X total magnification) (d). SR-microCT reconstruction of trabecular bone (II): each 
cylindrical specimen was imaged with an effective voxel size of 2.6 µm using different exposure times: 
512, 256, 128 and 64 ms. A cubic (1000*1000*1000 voxels) volume of interest (VOI) was obtained at 
the centre of each specimen (III). 2-dimensional (2D) slice through the middle of the VOI before (IV) 
and after (V) mineralised tissue was masked from the marrow. 

Figure 2. Workflow used to combine in situ SR-microCT and DVC. Specimens were cyclically loaded 
in the apparent elastic regime (up to 0.5% nominal strain) seven times and SR-microCT images were 
acquired under maximum load. DVC was performed using the first 3D image as a reference state and 
computing the differential strain field between the reference and the remaining consecutive tomograms. 

Figure 3. SR-microCT 2D slices acquired under load in the trabecular elastic range (0.5% apparent 
strain) at different exposure times (rows for 512, 256, 128 and 64 ms) per projection after the 1st (column 
I) and 7th (column II) loading cycles. White squares indicate regions augmented to show a single 
trabecula (column III). Red arrows indicate damage location in the tissue (i.e. microcrack, fracture). 
Bone lacunae remain visible within the trabeculae (column III) only for the highest exposures (512, 256 
ms), whereas no features could be identified for the lowest exposures (128, 64 ms).  

Figure 4. Stress-strain curves for the tested specimens. (I-IV) are showing the 1st (blue), 4th (orange) 
and 7th (green) loading-unloading cycles (solid-dotted curve, respectively). Reduction in the stiffness 
after each cycle is observed. Samples imaged with exposure of 128 and 64 ms were loaded up to failure 
after the seven loading cycles (V), whereas the ones at 512 and 256 ms exposure were damaged or 
failed within the previous seven elastic cycles. 

Figure 5. Dose rate distribution within a cylindrical trabecular bone specimen simulated in FLUKA. 3D 
sections in x (I), y (II) and z (III) directions of the simulated bone specimen within the saline solution are 
shown. The X-ray beam comes along the z direction from negative to positive direction.  

Figure 6. 3D differential strain distribution in trabecular bone tissue for the highly-irradiated sample (512 
ms/projection). First ( p1) and third ( p3) differential principal strains are represented after two (I), five 
(II) and seven (III) loading cycles. Histograms of the differential strain distribution in the tissue voxels 
(IV) after the same loading cycles are also shown with the correspondent maximum strain amplitudes. 
High exposures produced an important damage in the bone during sequential tomograms and the 
differential first ( p1) and third ( p3) th cycle. 

Figure 7. 3D distribution of first ( p1) and third ( p3) principal differential strains on a single trabecula 
tracked during the different loading cycles (cycle number indicated for each DVC computation) for the 
highly irradiated sample (512 ms/projection). Arrows indicate microcracks visible in the tissue. 

Figure 8. 3D differential strain distribution in trabecular bone tissue for the low-irradiated sample 
(64ms/projection). First ( p1) and third ( p3) differential principal strains are represented after two (I), 
five (II) and seven (III) loading cycles. Histograms of the differential strain distribution in the tissue voxels 
(IV) after the same loading cycles are also shown with the correspondent maximum strain amplitudes. 
The reduction in exposure time considerably reduced the damage induced in the bone during sequential 
tomograms, although some areas of strain concentration could be identified.



















Supplementary Material S1 
  
Image post-processing. 
For each specimen, seven datasets were obtained corresponding to the different loading cycles. These 

3D images (Figure 1-II) were registered with Fiji software [1] using the first acquired dataset as a 

reference to align them rigidly. Registration was performed minimizing the Euclidean difference 

between the reference and the target image, followed by a resampling using a cubic spline interpolation 

[2]. After registration, a volume of interest (VOI) was cropped for each 3D image, consisting of a 

parallelepiped with side lengths of 1000 voxels (2.6 mm3) in the centre of the scanned volume (Fig. 1-

II, III). Noise in the images was reduced by applying a 3D median filter (radius = 2 pixels) (Fig. 1-IV). 

Additionally, the original SR-microCT images were also masked (Fig. 1-V) by setting to zero the voxels 

in the background (i.e. bone marrow). A binary image (value one for bone voxel and zero elsewhere) 

[3] followed by two cycles of 

closing (erosion followed by dilation), opening (dilation followed by erosion) and purifying (location of 

all particles in 3D and removal of all but the largest foreground and background particles [4]). These 

three operations removed isolated pixels and filled in small holes. The quality of the binary images was 

checked by visual inspection. Masked images, with the original greyscale value in the bony voxels, and 

zero elsewhere, were obtained multiplying the filtered to the binary images. 

 

 
Methods 

 consecutive 

datasets for the highly- and lowly-irradiated specimens, obtained under the same constant nominal 

strain (0.5%), where both irradiation-induced and mechanical damage were deemed as minimal. As the 

images were acquired in the same deformed state, same displacement and strain fields are expected. 

Therefore, any non-zero values of the measured differential displacement and derived differential strain 

using DVC were considered as error. Six sub-volume sizes (from 16 to 112, in steps of 16 voxels), and 

a multi-pass scheme with a final sub-volume of 64 voxels were investigated. For each sub-volume, 

three different parameters were computed. 

- Random errors for the differential displacement: standard deviation of each displacement 

component, as in [5]. 

- Mean absolute differential strain value: average of the average of the absolute values of the six 

 [6,7] 

- Standard deviation of the differential strain value: standard deviation of the average of the 

abso

as in [6,7]. 

Results 
The random errors of each differential component of the displacement never exceeded 0.34 voxels 

(0.89 µm) for the 512 ms specimen and 0.81 voxels (2.10 µm) for the 64 ms specimen (Table S1). The 



errors obtained for the displacements in the 512 ms were lower than those for the 64 ms, due to the 

decreased of image quality. A trend could be observed for both specimens, the higher the sub-volume 

size, the lower the random errors. Furthermore, the multi-pass approach reduced the random errors 

compared to a single-pass using the same sub-volume size.  

Table S1. Random errors for the three displacement components for the highly- and lowly-irradiated 
specimens (512 ms and 64 ms). 

Sub-volume (voxel) Differential displacement random errors (µm) 
512 ms  64 ms 
X Y Z  X Y Z 

16 0.78 0.75 0.84  2.11 2.08 0.86 
32 0.74 0.81 0.89  1.99 1.92 0.56 
48 0.69 0.66 0.79  1.99 1.86 0.41 
64 0.65 0.52 0.74  1.97 1.77 0.31 
80 0.60 0.41 0.69  1.90 1.59 0.23 
96 0.58 0.33 0.65  1.90 1.54 0.20 
112 0.62 0.33 0.65  1.93 1.57 0.20 
Multipass (64) 0.62 0.38 0.60  1.96 1.68 0.24 

 
As expected from previous studies on bone [6,8], the strain uncertainties of the DVC had decreasing 

trends with respect to the sub-volume size, and the values of the mean value of the differential strain 

were larger than the standard deviation (Fig. S1). The mean differential strain value ranged between 

3856 µ  and 329 µ  for the 512 ms samples and between 6200 µ  and 731 µ  for the 64 ms sample, in 

sub-volumes of 16 to 112 voxels (41.6 to 291.2 µm). The standard deviation of the differential strain 

value ranged between 2192 µ  and 119 µ  for the 512 ms samples and between 3721 µ  and 269 µ  

for the 64 ms sample, in the same sub-volumes. The multi-pass approach provided a lower level of 

uncertainties compared to the same sub-volume using a single-pass. 



Figure S1. Relationship between the mean differential strain value (top) and standard deviation of the 
differential strain value (bottom) with the sub-volume size for both specimens and corresponding power 
laws. Power laws and coefficients of determination (R2) are also reported. 
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Supplementary Material S2: Estimation of radiation exposures 

1. Introduction 
Trabecular bone specimens in this study underwent several consecutive tomograms using high-energy 

synchrotron radiation, which resulted in a progressive radiation dose accumulation within the bone 

tissue  only two studies [1,2] addressed a similar procedure for estimating 

the radiation dose absorbed by bone samples subjected to SR-microCT. However, the proposed 

formulation considered a uniform distribution for the absorption of X-rays within the samples. Therefore, 

the manuscript used a simulation using FLUKA Monte Carlo code [3] of the delivered dose during the 

acquisition of one tomography scan, providing not only the average dose absorbed by the specimen, 

but also the local distribution. Nevertheless, an estimation of the delivered dose was also carried out 

and presented in this text following the proposed formulation in previous studies and compared to 

average simulated dose. 

2. Methods 
2.1. Estimation of mass attenuation coefficient,  

The mass attenuation coefficient was obtained from the. The bone sample was simulated within the 

loading stage as described in the manuscript. A scheme of the simulated geometry is shown in Fig. S1-

I, where a different colour is assigned to each material: glassy-carbon (grey, density = 1.5 g cm-3), air 

(white, density = 1.2 x 10-3 g cm-3), saline solution (blue, density = 1 g cm-3) and bone (orange, density 

= 0.5 g cm-3 [4]). The absorption profile (Fig S2-II) was obtained and the transmitted (I) and incident (I0) 

X-ray intensities where calculated as the intensities after and before the bone, respectively, where the 

bone sample (4 mm in diameter, 10 mm in length) was positioned in the centre of the geometry. 

 
The mass attenuation coefficient was calculated using the Beer-Lambert Law [5]: 

 

Where T is the transmission of X-rays through a material, of thickness l,  is the mass attenuation 

coefficient (cm2 g-1) and  is the density (g cm-3). 



2.2.  Estimation of the flux density,  

Due to the cylindrical geometry of the bone specimen, the X-ray path through it is not constant. 

Therefore, a numerical integration is performed splitting half of the cylinder (considering symmetry) in 

90 steps of 1 degree. For each angle, the surface seen by the incident X-rays can be calculated as: 

 

Where Si is the surface seen by the X-rays at each angle i, r is the radius of the specimen and h is its 

height. 

The flux at the surface,  is then calculated from the value of the photon flux, (photons s-1), 

simulated using SPECTRA code [6]: 

 

The thickness of the sample, l, varies as a function of the angle . 

 

The transmission, T, of X-rays through the cylinder is expressed using the Beer-Lambert Law: 

 

The fraction of X-rays absorbed, A, by the samples is given as (1-T). The flux absorbed  (photons 

s-1) is then calculated as: 

 

Doing a numerical integration of the flux absorbed at each angular step, the total absorbed 

flux, (photons s-1) is obtained: 

 

And the flux density,  (photons/s/cm3), is obtained dividing the total flux divided by the volume of the 

specimen, V: 

 

2.3. Estimation of the radiation dose 

kg-1), 

the radiation flux density is converted into an energy density,  (J s-3 cm-3). 

 

Where  is the energy of the beam in eV and the dose rate,  (Gy s-1), can be obtained as: 

 

The total irradiation dose, , received during each exposure can be then found from the dose rate and 

the total exposure time during image acquisition. 

 

3. Results 
Input data for the mathematical formulation described above were obtained using the codes described 

in the manuscript. SPECTRA code [6] was used to obtain the average beam energy,  



and the photon flux, . The mass attenuation coefficient was found to be 

 using the absorption profile (Fig S2-II) simulated using FLUKA. Those values resulted in 

an estimated radiation dose rate , which is in well agreement with the average 

simulated dose rate . A comparison between the accumulated dose for 

each specimen during the seven sequential tomographies is reported in Table S2, computed varying 

the exposure time. 

Table S2. Nominal radiation absorbed by each specimen after each loading cycle, calculated by varying 
the exposure time. Values were truncated to one decimal place. 

Exposure time 512 ms 
Load cycles 1 2 3 4 5 6 7 
Average accumulated dose simulated (kGy) 32.9 65.9 98.8 131.8 164.7 197.7 230.6 
Estimated accumulated dose (kGy) 41.1 82.3 123.4 164.6 205.7 246.8 288.0 
Exposure time 256 ms 
Load cycles 1 2 3 4 5 6 7 
Average accumulated dose simulated (kGy) 16.8 33.6 50.5 67.3 84.1 100.9 117.7 
Estimated accumulated dose (kGy) 21.0 42.0 63.0 84.0 105.0 126.0 147.0 
Exposure time 128 ms 
Load cycles 1 2 3 4 5 6 7 
Average accumulated dose simulated (kGy) 8.8 17.5 26.3 35.0 43.8 52.5 61.3 
Estimated accumulated dose (kGy) 10.9 21.9 32.8 43.7 54.7 65.6 76.5 
Exposure time 64 ms 
Load cycles 1 2 3 4 5 6 7 
Average accumulated dose simulated (kGy) 4.7 9.5 14.2 18.9 23.6 28.4 33.1 
Estimated accumulated dose (kGy) 5.9 11.8 17.7 23.6 29.5 35.4 41.3 

4. Discussion 
The average dose simulated in this study is in well agreement to the estimated dose using mathematical 

formulation previously proposed [1,2]. The estimation presented herein assumed that the X-rays pierce 

a constant thickness of bone material, corresponding to the sample diameter. However, due to the 

cylindrical geometry of the specimen, X-rays go through a different thickness at the centre of the 

specimen while off centre. Therefore, the extra thickness assumed in this estimation overestimate the 

dose absorbed by the specimen. 
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Table 1. Total scan time and nominal radiation dose absorbed by each sample per cyclic loading, 
calculated by varying the exposure time. Values were truncated to one decimal place. 

Exposure time 512 ms 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 15.7 31.4 47.1 62.8 78.5 94.1 109.8 
Dose accumulated (kGy) 32.9 65.9 98.8 131.8 164.7 197.7 230.6 
Exposure time 256 ms 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 8.0 16.0 24.0 32.0 40.1 48.1 56.1 
Dose accumulated (kGy) 16.8 33.6 50.5 67.3 84.1 100.9 117.7 
Exposure time 128 ms 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 4.2 8.3 12.5 16.7 20.9 25.0 29.2 
Dose accumulated (kGy) 8.8 17.5 26.3 35.0 43.8 52.5 61.3 
Exposure time 64 ms 
Load cycles 1 2 3 4 5 6 7 
Scan time (min) 2.3 4.5 6.8 9.0 11.3 13.5 15.8 
Dose accumulated (kGy) 4.7 9.5 14.2 18.9 23.6 28.4 33.1 

 

Table 2. Correlated bone volume (CV/BV), damaged bone volume (BVy) and mean ± standard deviation 
of the differential strains ( ) for each loading cycle in the specimens subjected to highest (512 ms) and 
lowest (64 ms) exposures, as computed using DVC. 

Exposure time 512 ms 
Load cycles 2 3 4 5 6 7 
CV/BV (%) 93.6 90.6 85.6 74.2 73.4 66.3 
BVy (%) 0 0 0.24 30.1 61.2 57.1 

  405 ± 142 828 ± 320 1546 ± 582 3632 ± 1660 5546 ± 2078 6752 ± 2830 
Exposure time 64 ms 
Load cycles 2 3 4 5 6 7 
CB/BV (%) 94.3 88.5 72.7 88.4 73.7 88.3 
BVy (%) 0 0 NC1 7.0 NC1 13.9 

  928 ± 504 868 ± 502 NC1 1369 ± 1155 NC1 1563 ± 3142 
 


