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Neutron tomography has emerged as a promising imaging technique for specific applications in bone research. Neutrons have a strong interaction with hydrogen, which is abundant in biological tissues, and they can penetrate through dense materials such as metallic implants. However, in addition to long imaging times, two factors have led to challenges in running in situ mechanical characterization experiments on bone tissue using neutron tomography: 1) the high water content in specimens reduces the visibility of internal trabecular structures; 2) the mechanical properties of bone are dependent on the hydration state of the tissue, with drying being reported to cause increased stiffness and brittleness. This study investigates the possibility of improving image quality in terms of neutron transmission and contrast between material phases by drying and rehydrating in heavy water. Rat tibiae and trabecular bovine bone plugs were imaged with neutron tomography at different hydration states and mechanical testing of the bone plugs was carried out to assess effects of drying and rehydration on the mechanical properties of bone. From analysis of image histograms, it was found that drying reduced the contrast between bone and soft tissue, but the contrast was restored with rehydration. Contrast-to-noise ratios and line profiles revealed that the contrast between bone tissue and background was reduced with increasing rehydration duration but remained sufficient for identifying internal structures as long as no free liquid was present inside the specimen. The mechanical analysis indicated that the proposed fluid exchange protocol had no adverse effects on the mechanical properties.
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INTRODUCTION
Bone is a complex tissue with unique mechanical properties (Rho et al., 1998; van der Linden and Weinans, 2007; Isaksson et al., 2010; Törnquist et al., 2020). Traumas and degenerative disorders reduce bone strength and fracture resistance and often require medical interventions where different types of metallic implants are used (Burr, 2002; Ferretti, 2003; van der Linden and Weinans, 2007). For such interventions to be successful, the structural integrity of the implant fixation is vital (Ryd et al., 1995). The quality of the bone-implant integration can be assessed both by studying the structure of the newly formed peri-implant bone and by evaluating the mechanical properties.
Tomographic imaging is a well-established method for visualizing bone structure, as it is non-destructive and can yield high-resolution 3D images. X-ray tomography is the most used imaging method for bone tissue due to its availability and the contrast it provides between the inorganic mineral in the tissue and the soft tissue and air. However, due to the large difference in X-ray attenuation for tissue and metal, severe image artifacts occur in the vicinity of metallic implants (Figure 1A). Thus, studying the integration of metallic implants into bone using X-rays are challenging (Le Cann et al., 2019). Neutron tomography has recently been shown to be a promising alternative technique to X-ray tomography for the evaluation of bone tissue in close proximity to a metallic implant (Isaksson et al., 2017; Le Cann et al., 2017; Guillaume et al., 2021; Törnquist et al., 2021). Neutrons interact differently with matter compared to X-rays, which translates into an alternative contrast between materials, that is, not correlated with X-ray attenuation values (Bilheux et al., 2009; Roubin et al., 2019; Tengattini et al., 2021). Since most metals used for medical implants (e.g., steel and titanium) are rather transparent when imaged with neutrons, no adverse effects on image quality are seen at the bone-implant interface (Isaksson et al., 2017) (Figure 1B).
[image: Figure 1]FIGURE 1 | Study motivation. (A) X-ray and (B) neutron tomography images of a hydrated distal rat tibiae with a titanium implant. In the X-ray image, artifacts close to the metal obscure the bone-implant interface. In the neutron image, no image artifacts occur around the implant, but the free water inside the specimen reduces contrast. (C) X-ray and (D) neutron tomography images of a dry distal rat tibiae with a titanium implant. As there is no free water inside the specimen, contrast in the neutron image is comparable to that in the X-ray image and allows for visualization of internal structures.
The mechanical properties of bone are dependent on the hydration state of the tissue and drying alters the mechanical behavior in terms of increased stiffness and brittleness on the nano-, meso- and macro-scales (Smith and Walmsley, 1959; Broz et al., 1993; Conrad et al., 1993; Nyman et al., 2006; Lievers et al., 2010; Granke et al., 2015; Lin, 2016; Wang et al., 2018). Hence, for physiologically relevant assessment of the mechanical properties, the specimen should be hydrated when tested mechanically. Due to the strong interaction of neutrons with hydrogen, H2O appears opaque in neutron tomographic images. This has been utilized, e.g., in studies of fossilized biological specimens (Mays et al., 2017; Zanolli et al., 2017; Urciuoli et al., 2018; Gee et al., 2019; Zanolli et al., 2020). However, because of the inherent hydrogen content in biological tissues, the contrast between tissue and water becomes low (Figure 1B). Furthermore, high hydration levels can cause the specimens to be too opaque to neutrons, which limits transmission and increases noise linked to incoherent scattering. However, as neutrons interact with the atomic nucleus, they are sensitive to isotopic differences (Bilheux et al., 2009). Notably, the interaction between neutrons and hydrogen is stronger than between neutrons and the heavier isotope deuterium. As a result, heavy water (D2O) has ∼7 times lower neutron attenuation than normal water (Perfect et al., 2014). This difference in contrast has been exploited, e.g., for tracking water propagation through porous media or plant roots (Tötzke et al., 2019; Tengattini et al., 2021).
We have previously analyzed the quality of bone-implant integration in terms of mechanical stability by performing pull-out tests, both ex situ and in situ with X-ray and neutron tomography (Le Cann et al., 2017; Le Cann et al., 2019; Raina et al., 2019; Le Cann et al., 2020). To mitigate the aforementioned issues relating to high hydrogen content in bone, whilst retaining physiological hydration of the bone tissue, a protocol was adopted to exchange H2O for D2O by soaking the specimens for 3 days prior to imaging (Le Cann et al., 2017). The images showed good contrast for bone tissue, but the conclusion was also that D2O still reduced contrast between the internal structures where it was overly abundant. However, an alternative explanation may be that the protocol for exchanging H2O for D2O by soaking was not effective enough, with H2O remaining in the specimen and causing reduced contrast.
The aims of the current study were twofold: 1) to elucidate how the amount of D2O in bone specimens affects contrast in neutron tomography images, by controlling the amount of H2O and D2O in the specimens using a drying-rehydrating protocol; 2) to ensure that this sample preparation protocol does not affect the bone mechanical properties.
Visibility of internal structures in neutron tomography images is comparable to X-ray tomography images when the specimens are dried (Figures 1C,D) (Törnquist et al., 2021). Hence, a new exchange protocol was devised in this study where the specimens were first dried to remove as much H2O as possible before being rehydrated in D2O, thereby improving the exchange compared to the previous diffusion-driven protocol, whilst also allowing for a comparison against the ideal contrast case in images of dried specimens. To this end, distal rat tibiae and trabecular bovine bone plugs were imaged to compare to our previous experimental model (Le Cann et al., 2017; Le Cann et al., 2019; Raina et al., 2019; Le Cann et al., 2020). To our knowledge, few studies have investigated how rehydration after drying affects the mechanical behavior, but the studies that have been performed conclude that rehydration reverts the changes caused by drying (Currey, 1988; Broz et al., 1993; Conrad et al., 1993). To test the effects of the new imaging-optimized rehydration protocol on bone mechanical properties, trabecular bovine bone plugs were subjected to the proposed exchange protocol and subsequently tested in compression. The plugs were extracted from different anatomical locations to obtain varying bone volume fractions (BV/TV) (Hölzer et al., 2012; Bindl et al., 2013; Endo et al., 2016; Manda et al., 2016), as this morphological parameter has a large influence on trabecular bone stiffness (Matsuura et al., 2008; Maquer et al., 2015).
MATERIALS AND METHODS
Samples
Specimens consisted of proximal tibiae from male Sprague Dawley rats (Figure 2A) and trabecular bovine bone plugs from the proximal femur (Figure 2B).
[image: Figure 2]FIGURE 2 | Overview of the experimental procedure. (A) Proximal rat tibiae (n = 3) were dried in vacuum before being imaged with neutron tomography (NT). The tibiae were then rehydrated in D2O and imaged again. Two of the specimens were further hydrated and imaged a third time. (B) Trabecular bone plugs (n = 75) were extracted from bovine femora. Triplets (plugs extracted next to each other) were divided into three groups which were subjected to three different hydration protocols. (C) Overview of the experimental campaigns. (I) 18 plugs (n = 6 per hydration group) were imaged with NT before being mechanically tested in compression to assess mechanical properties. (II) 30 plugs (n = 10 per hydration group) were mechanically tested. (III) 27 plugs (n = 9 per hydration group) were mechanically tested. Note the differences in rehydration duration between (II) and (III).
Sprague Dawley rats (∼10 weeks old, weight 450 ± 39 g) were procured from Taconic (Denmark). The rats were euthanized by CO2 asphyxiation. The tibiae (n = 3) were dissected, cleaned from soft tissue, and cut approximately 25 mm from the distal epiphysis using a Minitom (Struers). The use of the animals was approved by the Swedish Board of Agriculture (permit numbers: M79-15 and 15288/2019).
The trabecular bovine bone plugs (n = 75) were extracted from the major trochanter, head, neck, and metaphysis in the proximal femora of adult (28–29 months) heifers, procured from the local abattoir. The plugs were drilled (RYOBI RDP102L, Techtonic Industries, Germany) using a hollow drill bit (Ø 6 mm) and cut to 10 mm height with a band saw (EXAKT 30/815, Norderstedt, Germany). The plugs were sorted into three groups (one group for each hydration state) to ensure that each group included specimens extracted next to each other (triplets, Figure 2B). Of all the plugs, some (n = 18) were imaged with neutron tomography before being mechanically compressed, whereas the rest (n = 57) were used only for mechanical testing. The different sets of plugs were tested during three different experimental campaigns (I-III, Figure 2C).
Hydration Protocol
To explore how the amount of D2O in bone specimens affects contrast in neutron tomography images, the rat tibiae were dried in vacuum (−25 inHg) at ambient temperature for 16 h before being imaged with neutron tomography (Figure 2A). After imaging, they were rehydrated by immersion in salinized D2O (0.9% NaCl) for ∼12 h and imaged again. Two of the three specimens were rehydrated further and imaged again after ∼30 and ∼34 h, respectively.
To compare the effects of the hydration state on the mechanical properties, the trabecular bone plugs (n = 75) were divided into three groups so that three hydration states could be compared: control, dried, and rehydrated (Figure 2B). As no exchange of H2O for D2O was necessary for the plugs that were not going to be imaged with neutron tomography, the protocols varied slightly, as detailed below.
Experimental campaign I—specimens imaged with neutron tomography (n = 18, Figures 2C–I).
• Control (n = 6)—soaked in salinized D2O for 48 h, to exchange the inherent H2O for D2O by diffusion.
• Dry (n = 6)—dried in vacuum at ambient temperature for 3 h.
• Rehydrated (n = 6)—dried in vacuum at ambient temperature for 3 h before being immersed in salinized D2O for 48 h.
Experimental campaign II (n = 30, Figures 2C–I).
• Control (n = 10)—frozen immediately after harvest.
• Dry (n = 10)—dried in vacuum (−25 inHg) at ambient temperature for 3 h.
• Rehydrated long (n = 10)—dried in vacuum (−25 inHg) at ambient temperature for 3 h before immersion in physiological saline solution (0.9% NaCl, H2O) for 48 h.
Experimental campaign III (n = 27, Figures 2C–I).
• Control (n = 9)—frozen immediately after harvest.
• Dry (n = 9)—dried in vacuum (−25 inHg) at ambient temperature for 3 h.
• Rehydrated short (n = 9)—dried in vacuum (−25 inHg) at ambient temperature for 3 h before immersion in physiological saline solution (0.9% NaCl, H2O) for 3 h.
All specimens were weighed before and after each step of the hydration protocol to assess weight loss and gain due to drying and rehydration (Eq. 1). The change, C, in percent, between the initial dry weight, [image: image], and the weight after drying/rehydration, [image: image], was defined as:
[image: image]
All specimens were stored frozen (−20°C) until 90 min before being imaged or tested mechanically when they were thawed at room temperature.
Neutron and X-Ray Tomographic Imaging
Neutron tomography was carried out at the NeXT instrument at Institut Laue-Langevin (ILL) in Grenoble, France (Tengattini et al., 2020). In addition, to obtain bone volume fractions (BV/TV) for the subsequent mechanical analysis, X-ray tomography of all trabecular bovine bone plugs (n = 75) was carried out at the NeXT instrument (n = 18 plugs) and at the 4D Imaging Lab, Division of Solid Mechanics, Lund University, Sweden (n = 57 plugs).
The tibiae (n = 3) were imaged individually, wrapped in Teflon tape, and placed inside a sealed Teflon sample holder to mitigate dehydration during imaging. Teflon was used as it is almost transparent to both neutrons and X-rays. Neutron tomography images were acquired using a 10 µm thick Gadolinium scintillator, a pinhole of 30 mm, and a field-of-view (FOV) of 13.5 × 13.5 mm2. The collimation distance was ∼10 m, yielding a collimation ratio L/D ≈ 333. 1792 2D projection images were acquired over 360° rotation with an exposure time of 3 s and averaging 3 projections per projection angle to reduce noise. The effective isotropic voxel size was 7.15 µm in the reconstructed 3D images.
The trabecular bone plugs (n = 18, 6 per hydration group) were imaged with neutron tomography in groups of three. The specimens were stacked on top of each other and, as for the tibiae, wrapped in Teflon tape and placed inside a sealed Teflon sample holder to mitigate dehydration during imaging. The images were acquired with a pinhole of 23 mm (L/D ≈ 435) and a FOV of 32 × 32 mm2. 992 projection images were acquired over 360° rotation with an exposure time of 3.5 s and averaging 3 projections per projection angle to reduce noise. The virtual isotropic voxel size was 15.6 µm in the reconstructed 3D images. The dual neutron and X-ray setup at NeXT enabled corresponding X-ray tomography images to be acquired without moving the specimens. For the X-ray tomography, source voltage and current were 110 kV and 160 μA, respectively. 1312 projections were acquired over 360° rotation, covering the same FOV as the neutron tomography. The frame rate was 9 Hz and 5 projections per angle were averaged to reduce noise. The effective isotropic voxel size was 24 µm in the reconstructed 3D images.
The tomographic reconstructions were performed from the neutron and X-ray radiographs (projections) using a filtered back-projection algorithm with the X-Act software (RX Solutions, Chanavod, France) after normalization for beam inhomogeneities and background noise in the scintillators and cameras. Representative neutron and X-ray images of a specimen from the control group are shown in Supplementary figures 1A,B, respectively.
The trabecular bone plugs (n = 57) that were only used for analyzing the mechanical properties (n = 19 per hydration group), were imaged with X-ray tomography using a ZEISS Versa XRM520 at the 4D Imaging Lab at Lund University. The specimens were imaged in groups of three, wrapped in gauze (soaked in saline for the control and rehydrated groups) and tape to mitigate changes in hydration during imaging. Source voltage and current were 80 kV and 87 μA, respectively. 1001 projections were acquired over 360° rotation, covering a FOV of 14 × 14 mm2, using an exposure time of 1 s. Tomographic reconstruction was performed using a filtered back-projection algorithm with the ZEISS reconstruction software to give 3D image volumes with an isotropic voxel size of 13.5 µm. A representative X-ray image is shown in Supplementary figure 1C.
Image Analysis
The visibility of internal structures in the neutron tomography images was assessed in terms of contrast between material phases and edge sharpness. Edge sharpness was estimated from line profiles taken in the neutron tomography images of the rat tibiae. Changes in contrast between tissues and background as a function of hydration state in the rat tibiae were evaluated using contrast-to-noise ratio (CNR). Changes in contrast between tissues as a function of hydration state in the trabecular bone plugs were analyzed through the histograms of the images.
Edge sharpness was calculated using line profiles taken from the images of the two tibial specimens that were imaged with neutron tomography three times. To look at similar regions in each sequential scan, the image volumes were manually aligned using ImageJ (1.53c, National Institute of Health, United States). Line profiles (averaging 10 pixels) were taken across a region in each specimen where D2O was present in the final hydration state, in a representative image slice identified in all hydration states. The data were smoothed using the Savitzky-Golay method with a span of 9 data points and interpolated using cubic splines. Edges between cortex and background, D2O and background, and D2O and cortex were identified. The edge spread function (ESF), i.e., the intensity profile across a sharp edge can be assessed through its derivative, the line spread function (LSF). The LSF is bell-shaped and can hence be approximated by a Gaussian distribution which is described by its mean value, µ, and its standard deviation, σ. The full-width at half-maximum (FWHM) of the Gaussian then indicates the sharpness of the edge, with a lower value indicating a sharper edge. It can be shown that the FWHM of a Gaussian function can be expressed as
[image: image]
Fitting the LSF to raw data can be difficult due to noise, as it is exacerbated by differentiation. However, since a Gaussian function can be used to approximate the LSF, the ESF can be approximated by the integral of the Gaussian function, i.e., the cumulative distribution function (CDF):
[image: image]
where [image: image] is the error function:
[image: image]
Through fitting of Eq. 3 to the intensity profile of the edge, σ was obtained and the edge sharpness was assessed through Eq. 2.
CNR was calculated from the reconstructed image volumes of the rat tibiae. For each specimen and hydration state, regions containing only background, cortical bone, or D2O were identified in three representative image slices. CNR was calculated for cortex-background, D2O-background, and D2O-cortex, as
[image: image]
where [image: image] are the grey value distributions of the contrasting material phases.
The neutron tomography images of the bovine trabecular bone plugs were analyzed in terms of grey value distributions by comparing the histograms (250 bins) of the images, excluding the background.
The bone volume fractions (BV/TV) of the bone plugs were calculated from the X-ray tomography images using the ImageJ plugin BoneJ (v7.09). The images were filtered using a median filter with a radius of 2 pixels, after which the bone was segmented in the images using thresholding. For the bone plugs imaged at NeXT-Grenoble, the grey value interval for bone was set to 30375-65535 (16-bit images), and for those imaged at the 4D Imaging Lab, it was set to 53500-65535.
Mechanical Testing
All trabecular bone plugs were tested in unconfined uniaxial compression using a 20 kN load cell (Instron® 8511.20, Instron Corp). After applying a pre-load of 15 N, a constant displacement rate of 1 mm/s was used to compress the specimens. From the collected force-displacement data, intrinsic parameters were calculated by normalization to specimen dimensions. Failure was considered as the first clear peak in the stress-strain curves. Elastic modulus was calculated from the slope of the linear portion of the stress-strain curve. Toughness was calculated as the area under the curve until failure. Only compression tests where the load curve showed a clear peak was included in analysis. This resulted in omitting four specimens in the soaked group, two in the rehydrated group, and four in the dried group. Mechanical testing of the plugs imaged with neutron tomography (n = 6 per hydration group), the plugs with rehydration duration 48 h (n = 10 per hydration group), and the plugs with rehydration duration 3 h (n = 9 per hydration group) was done at three different occasions (Figure 2C).
Statistical Analysis
The mechanical properties were compared between hydration groups through a linear mixed-effects model in Matlab (R2019a, MathWorks Inc., MA, United States). The mechanical parameter was defined as the response/dependent variable. BV/TV and hydration state were considered explanatory variables and experimental campaign was used as a random effect to account for possible differences between campaigns. The response variable was log-transformed to correct for heteroskedasticity in the residuals, after which assumptions of homoskedasticity and normality were met (Supplementary figures 2A,B). A quadratic effect of BV/TV was added to correct for quadratic pattern to the response-versus-BV/TV plots. Goodness-of-fit for the linear mixed-effects model was assessed based on root-mean-square-error (RMSE), and adjusted coefficient of determination (adjusted R2). Goodness-of-fit for the edge sharpness analysis was assessed based on normalized root-mean-square-error (NRMSE). All statistics were assessed at a significance level of p = 0.05.
RESULTS
The neutron tomography images of the rat tibiae showed a decrease in contrast between bone tissue and other material phases with increasing hydration. The neutron tomography images of the trabecular bovine bone plugs showed a decrease in contrast between bone tissue and marrow in the dry specimens. Rehydration reverted the contrast back to the level observed in the soaked specimens. The mechanical analysis showed no significant differences between hydration states.
Assessment of Image Quality
CNR analysis of the neutron tomography images of the rat tibiae showed a decrease in contrast between the cortex and the background with increasing hydration of the specimens (Figure 3A). After rehydration for > 40 h, free D2O was seen in the intramedullary canal (Figures 3B,C). At this time point, CNR between cortex and D2O, and between background and D2O, were lower than between cortex and background.
[image: Figure 3]FIGURE 3 | Image analysis of the rat tibiae at different hydration states: dry—red, rehydrated 12 h—orange, rehydrated > 40 h—blue. (A) CNR for cortex vs. background, D2O vs. background, and D2O vs. cortex at the different hydration states, with zoom-ins of the first two hydration state for easier identification of the individual data points. Free D2O was only noticed in the third set of images of the two tibiae that were rehydrated for > 40 h (shown in B and C). (B) Transverse and (C) sagittal slices of tibia with regions for line profiles indicated with dashed square. Cortex, soft tissue, and D2O are indicated with white arrows. (D) and (E) Zoom-in of the regions in B and C, respectively, with corresponding separated and overlaid line profiles. Edges used for edge sharpness analysis are indicated with colored squares (cortex—purple, soft tissue—red). In the overlaid line profiles, thickening of the cortex with increased hydration is indicated with dashed lines. The arrows indicate increased signal due to D2O (solid), and reduced contrast for inner structures (dashed). The yellow dashed arrow indicates reduced contrast for inner structures after 12 h of rehydration.
The line profile analysis of the neutron tomography images of the rat tibiae showed decreased contrast between bone tissue and background with increasing rehydration (Figures 3B–E). When the intramedullary canal was filled with D2O, contrast was only seen between D2O and soft tissue, due the increased signal from the D2O compared to the background (Figures 3D,E). In addition, thickening of the cortex as the tissue was rehydrated was observed. Edge sharpness appeared to be similar for all hydration states (Table 1).
TABLE 1 | Edge sharpness analysis. FWHM for the edges indicated in Specimen I (Figure 3D) and Specimen II (Figure 3E). RC—right cortex (purple in Figures 3D,E), ST—soft tissue (red in Figures 3D,E), LC—left cortex (purple in Figures 3D,E). A lower FWHM indicates a sharper edge.
[image: Table 1]The images of the trabecular bovine bone plugs (Figure 4A) showed decreased contrast between bone tissue and marrow in the dry group compared to the soaked group (control). Rehydration reverted the contrast to similar levels as the soaked group. The histograms of the trabecular bone plugs displayed peaks corresponding to void, bone tissue, and marrow (Figure 4B). The soaked specimens lacked the peak corresponding to void, except in one out of six specimens where a vague peak was observed; the void was identified in the corresponding image volume and is indicated in Figure 4A. The dried specimens had more prominent void peaks and displayed a merging of the peaks corresponding to bone tissue and marrow. The rehydrated specimens exhibited more noticeable void peaks than the soaked group with well separated bone tissue and marrow peaks. The differences in void fractions were evident also from visual inspection of the images, where numerous voids could be seen in the specimens from the dry and rehydrated groups as opposed to the soaked group (Figure 4A).
[image: Figure 4]FIGURE 4 | Histograms of the neutron tomography images of the trabecular bovine bone plugs. (A) Transverse slices of representative specimen from each hydration group. (B) Specimen-specific histograms. Each line corresponds to one specimen (n = 6 per hydration group). Each row corresponds to one triplet, i.e., plugs extracted next to each other from the same anatomical location. Arrows indicate peaks corresponding to void (yellow), bone tissue (black), and marrow (blue).
Mechanical Properties
For assessment of mechanical properties, the peak stress, Young’s modulus, and toughness were compared between hydration groups (Figure 5). Statistical analysis showed no differences between the hydration states. BV/TV and (BV/TV)2 were significant determinants for all parameters (p < 0.005). Moreover, the analysis indicated that there was an effect from the different experimental campaigns (p < 0.002). Each parameter’s model had high goodness-of-fit (Table 2). Comparisons between response and fitted values can be found as Supplementary figure 2C.
[image: Figure 5]FIGURE 5 | Mechanical properties as a function of bone volume fraction (BV/TV). Hydration groups are color coded as soaked—green, dried—red, rehydrated—blue. The specimens imaged with neutron tomography (tested during experimental campaign I) are shown in opaque colors. The specimens tested during experimental campaign II are shown in transparent colors. The specimens tested during experimental campaign III are shown as outlined circles.
TABLE 2 | Goodness-of-fit of the mixed effects models used to analyze the mechanical parameters.
[image: Table 2]DISCUSSION
Proximal rat tibiae and trabecular bovine bone plugs were imaged with neutron tomography at different states of hydration with the aim of elucidating the effects of hydration state on the contrast between the material phases. The trabecular bone plugs were subsequently subjected to compression testing to investigate possible changes with respect to their mechanical properties.
Image Quality
For the tibiae samples, CNR showed that the contrast between bone tissue and background decreased with increasing rehydration (Figure 3). Clear amplitude differences in the line profile analysis indicated that the CNR after > 40 h of rehydration was high enough to differentiate between background and bone tissue. However, in regions where free liquid was present in the intramedullary canal, CNR between liquid and bone tissue was too low to allow for differentiation between the two. This indicates a continued rehydration of the tissue after the initial 12 h of rehydration. Indeed, at this time point the weights of the tibiae were 10.4 ± 1.8% (mean ± std) less than before drying. Furthermore, it shows that contrast between bone tissue and background is high enough for identification of internal structures, as long as no free liquid is present inside the specimen. It is important to note that the method used to remove H2O, i.e., drying in vacuum at room temperature, only partially liberates bound water (Nyman et al., 2013). During the rehydration, such bound H-atoms are released into the rehydrating liquid. Hence, rehydration using D2O following drying at room temperature results in a liquid containing both H and D. This method of dehydration was chosen because of its less intrusive nature to minimize influence of the mechanical properties of the tissue. Further studies are needed to investigate the effects of removing more of the bound water on neutron image quality and to assess its impact on the mechanical properties of the tissue. Water content, distribution, and D/H ratio can be deduced directly from the grayscale variations in both neutron and x-ray tomography images but require knowledge of the chemical composition of the sample as well as careful calibration of the images (Defraeye et al., 2014; Oesch et al., 2019). Given the complex chemical composition, in combination with biological variation, of the bone samples in the current study, assumptions about compositional heterogeneity and distribution would be necessary. Hence, the accuracy of such measurements would be low compared to that in (Defraeye et al., 2014) where a simpler system was analyzed. Furthermore, the calibration method described in (Oesch et al., 2019) requires reference objects that are not affected by moisture change to be present in the specimens, and would need further development due to the swelling of the tissue. Still, the methods adopted in the aforementioned papers present interesting stepping stones. Nevertheless, our findings show that removal of free liquid inside the specimen enables successful image analysis, regardless of the hydrogen isotope. The soft tissue remained clearly differentiable from both background and liquid for all hydration states, supposedly due to a comparatively high hydrogen content.
For the trabecular bone plugs, the histograms showed three main peaks, corresponding to internal voids, bone tissue, and marrow (Figure 4). The contrast between bone tissue and marrow decreased with drying of the trabecular bone plugs. This was evident both from visual inspection and attempts at segmentation of the tissues by grey value thresholding. Coherently, the histograms for the dry specimens showed merging of the peaks corresponding to bone tissue and marrow (black and blue arrows in Figure 4B). More interestingly, no apparent differences could be seen between the soaked (control) and rehydrated groups. This indicates that exchange of H2O for D2O may be equally efficient by diffusion as by drying and rehydration. The peak corresponding to internal voids (blue arrows in Figure 4B) was absent or of very low frequency for the specimens in the control group. Due to the presence of bone marrow, little internal voids were expected in this group. With drying, more internal voids were present than in the control group as marrow was found to shrink and detach from the trabeculae. After rehydration, internal voids were diminished but still present to a higher degree than in the control group. This was seen both by visual inspection and in the histograms for the rehydrated specimens, which displayed more prominent peaks corresponding to internal voids.
Mechanical Properties
The mechanical properties were expected to be affected by the hydration state, as dried bone is expected to become stiffer and more brittle (Smith and Walmsley, 1959; Broz et al., 1993; Conrad et al., 1993; Nyman et al., 2006; Lievers et al., 2010; Granke et al., 2015; Lin, 2016; Wang et al., 2018). Conrad et al. (1993) assessed changes in mechanical behavior of trabecular bone due to freeze-drying and found that freeze-drying followed by rehydration for 24 h caused a 24% increase in stiffness compared to freshly frozen controls and that non-rehydrated freeze-dried specimens were 33% stiffer than rehydrated specimens (Conrad et al., 1993). Smith et al. (1959) deduced a 7% increase in stiffness during air-drying of cortical bone for 5 h (Smith and Walmsley, 1959). In the current study, no effect on the mechanical properties as a function of hydration state were seen. The freeze-drying process used in Conrad et al. (1993) took 6 days and supposedly led to a larger decrease in moisture compared to the 3 h of drying in vacuum in the current study. However, the 5 h of drying in air used by Smith et al. (1959) should have caused a similar loss of moisture as in the current study. Hence, it would appear as if the degree of drying does not explain the lack of differences seen here. Still, the influence of bone marrow on the mechanical properties of the trabecular bone plugs could possibly account for the discrepancy compared to Smith et al. (1959), as their tests were performed on cortical bone. Hence, our results indicate that drying for 3 h does not substantially affect the mechanical properties of the type of specimens in our study.
There was a noticeable effect of drying on the neutron images, with reduced contrast between bone and marrow, as compared to the soaked and rehydrated groups (Figure 4). This shows that drying for 3 h yields adequate water extraction for there to be an impact on how the neutrons interact with the tissue. During the drying process, the trabecular bone plugs lost 10.0 ± 2.9% (mean ± std) in weight. Drying of an additional 10 trabecular bone plugs for 15 h and weighing them every 3 h showed that most water content was indeed lost during the first 3 h, with weights of the specimens decreasing by 9.7 ± 1.7% in that timeframe (Figure 6A).
[image: Figure 6]FIGURE 6 | Weight changes due to drying and rehydration of 10 extra trabecular bovine bone plugs. (A) Weight and weight difference compared to original weight during drying. (B) Weight and weight difference compared to original weight (before drying) during rehydration.
Upon drying, marrow was found to detach from the trabeculae, resulting in more internal voids than in the control group. This was seen both by visual inspection of the tomographic images and from the histogram analysis. A prominent peak corresponding to the grey values in the voids was seen in the histograms of the specimens from the dried group but was absent in the histograms of the soaked specimens. These changes were not fully reversed after rehydration, as seen both in the tomographic images and in the histograms where the void peak was more prominent in the rehydrated group than in the soaked group. Hence, rehydration did not result in full reversion of structural changes due to drying. However, these changes in marrow distribution appear not to have influenced the mechanical properties as, again, no differences were seen between the hydration states.
The trabecular bone plug specimens were found to weigh 4.3 ± 6.4% less after rehydration compared to the original state. The durations of the rehydration (3 and 48 h) were chosen to match our previous exchange protocol (Le Cann et al., 2017) as full rehydration was expected to have occurred after 3 h (Broz et al., 1993). Consequently, any changes to the mechanical properties caused by the drying were expected to have been reverted at the time of mechanical testing. Rehydration of the 10 additional bone plugs used to evaluate the weight loss during drying showed that 48.9 ± 9.9% of the lost weight was regained after 3 h and 81.9% ± 5.3% after 48 h (Figure 6B). After 98 h, the difference in weight compared to the initial state was only 0.2 ± 0.95%. This showed that almost all weight changes were reverted by continued rehydration. However, as no differences in mechanical properties were observed between the soaked and rehydrated groups, prolonging the rehydration duration appeared unnecessary.
The mixed-effects models showed that BV/TV was a significant predictor for all investigated mechanical parameters. Indeed, BV/TV is known to have a large influence on the mechanical properties of trabecular bone (Matsuura et al., 2008; Maquer et al., 2015). The models also showed a quadratic dependence on BV/TV, indicating that its influence varies depending on its value. As an example, a lower BV/TV equates to more marrow being present in the specimen. As both BV/TV and marrow influence the mechanical properties (Halgrin et al., 2012), different ratios of the two would have different effects on the compression response of the specimens. Furthermore, the statistical analysis showed that there were differences in mechanical properties between experimental campaigns. As trabecular ultrastructure is optimized for the loading conditions occurring in the specific anatomical site, the mechanical properties vary depending on anatomical origin (Morgan et al., 2003; Endo et al., 2016). However, all bone plugs were extracted from the same anatomical location. Nevertheless, it is possible that some of the differences between experimental campaigns could be attributed to inter-animal differences as the femora used to obtain the bone plugs came from different animals and each campaign used a different femur.
Limitations
Due to time constraints, the neutron tomography images of the specimen rehydration for 42 h were acquired with a slightly reduced number of projections (1408 compared to 1792). However, this was still enough to fulfill the Shannon theorem (Bilheux et al., 2009). In addition, the noise levels (estimated from a region containing only background, as the standard deviation of the grey value distribution) were similar for all specimens and hydration states (2250.6 ± 91.0, mean ± std). Consequently, we are confident that the image quality was not reduced significantly. Furthermore, due to movement during the acquisition of the second set of dry trabecular bone plug specimens, the images were reconstructed using 30% fewer projections, resulting in slightly noisier data. However, as for the tibiae, noise levels were similar for all specimens and hydration states (1192.4 ± 93.2). For the mechanical analysis, only BV/TV was used as a determining factor. Albeit being a morphological parameter known to have a major impact on the mechanical properties of trabecular bone, other structural parameters, such as, e.g., anisotropy and trabecular thickness, also influence the mechanical behavior of these types of specimens (Matsuura et al., 2008; Maquer et al., 2015). A larger sample set than what was used in this study would allow for a more complete characterization of structural parameters.
CONCLUSION
This study investigated how the amount of D2O in bone specimens affects contrast in neutron tomography images and assessed if the method used to exchange H2O for D2O, i.e., drying, alters the bone mechanical properties. Neutron tomography images were acquired of bone specimens at different hydration states and the visibility of internal structures was assessed. The findings showed that exchanging H2O for D2O does not improve visibility of internal structures in these bone specimens and that the contrast between free D2O and trabecular bone is insufficient for structural characterization. Instead, the analysis showed that presence of free water inside the specimen causes reduced contrast between bone tissue and surrounding structures. Hence, we conclude that it is vital to reduce the amount of free water inside the specimens, regardless of hydrogen isotope. Furthermore, the mechanical analysis showed that the short duration (3 h) of drying used in the study did not affect the mechanical properties of these bone specimens. However, additional tests on different samples are necessary to corroborate that this is conclusion holds not only for the specimen types considered in this study.
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