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Abstract  For assessing mechanical properties of osteoporotic bone, biomechanical testing combined with in silico modeling plays a key role. The present study focuses on microscopic mechanical bone properties in a rat model of postmenopausal osteoporosis. Female Sprague–Dawley rats were (1) euthanized without prior interventions, (2) sham-operated, and (3) subjected to ovariectomy combined with a multi-deficiencies diet. Rat vertebrae (corpora vertebrae) were imaged by micro-CT, their stiffness was determined by compression tests, and load-induced stress states as well as property changes due to the treatment were analyzed by finite-element modeling. By comparing vertebra



stiffness measurements with finite-element calculations of stiffness, an overall microscopic Young’s modulus of the bone was determined. Macroscopic vertebra stiffness as well as the microscopic modulus diminish with progression of osteoporosis by about 70 %. After strong initial changes of bone morphology, further decrease in macroscopic stiffness is largely due to decreasing microscopic Young’s modulus. The micromechanical stress calculations reveal particularly loaded vertebra regions prone to failure. Osteoporosis-induced changes of the microscopic Young’s modulus alter the fracture behavior of bone, may influence bone remodeling, and should be considered in the design of implant materials.
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1 Introduction Osteoporosis is a systemic disorder of the skeleton, which is characterized by an overall loss of trabecular and cortical bone and a change in the bone architecture and microstructure, leading to an enhanced fracture risk. Since estrogen withdrawal accelerates loss of bone mass, postmenopausal women tend to develop osteoporosis more often than men of comparable age. This process can be affected and boosted by malnutrition with a diet lacking, e.g., in calcium, magnesium, phosphorous, and vitamin D. Due to the increasing overall age of the population in the industrialized countries, prevention and healing of osteoporosis has gained great importance. A prerequisite for innovative treatments of osteoporosis is a better quantitative understanding of the pathological changes in bone morphology, microstructure, and the
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corresponding microscopic (local) mechanical properties of cortical and trabecular bone. For example, individual mechanical competence of osteoporotic bone can be predicted by computational analysis of load-induced mechanical deformations in micro computer tomography (μCT) of bone tissue [19]. Another field is the understanding of osteoporotic bone growth. Local mechanical stimulation of bone tissue is widely considered to be an essential parameter for bone remodeling [8]. Thus, elastic properties of bone tissue also play a crucial role in osteoporotic bone remodeling. They also influence the design of implant materials. In order to avoid stress shielding or failure, implants should mimic the elastic properties of the surrounding tissue [26], which therefore need to be determined as exact as possible. Microscopic elastic properties are especially interesting for characterizing bone status, independent of bone morphology. These elastic properties are closely related to the mineral content and its distribution in the bone. In the last decades, much work has been devoted to determine the microscopic elastic properties of healthy and osteoporotic bone as well as to predict bone failure [2, 15, 18, 22, 27, 29]. One class of techniques is the direct measurement of microscopic elastic properties by ultrasonic methods [23], nanoindentation [10, 13, 28], and classical methods such as tensile [23] and bending tests [4, 24]. With the development of micro computer tomography, it is nowadays also possible to derive the microscopic elastic properties by combining macroscopic mechanical measurements, μCT analysis of mesoscopic bone morphology, and finite-element (FE) modeling [17, 19, 25, 27]. A change in macroscopic elastic bone properties during progressive osteoporosis has been clearly established [3, 9]. However, there are different findings to what extent this change is caused by a reduction in bone volume or by a reduced microscopic Young’s modulus, e.g., due to lowering of the mineral content. For example, nanoindentation measurements in the case of ovariectomized rats showed no significant change of the elastic modulus and hardness at the microscopic level, whereas the bone area fraction was reduced significantly [10]. On the other hand, μCT studies of bone morphology combined with finite-element (FE) analysis by Kinney et al. [13] revealed a complex change in an ovariectomized rat model of osteoporosis: 22 % reduction in the volume and 37 % decrease in the Young’s modulus of the trabecular bone. However, no significant modulus change was observed for a control group with estrogen replacement therapy. In a thorough investigation of human single trabeculae by Busse et al. [4], a decrease in the Young’s modulus of osteoporotic rod-like trabeculae was found despite significantly increased mean calcium content. In that case, an inhomogeneous distribution of calcium could be responsible for weakening of the mechanical properties.
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In view of the different reported findings on the microscopic mechanical properties of osteoporotic bone, the present study focuses on the determination of the stiffness of vertebrae and of the overall microscopic Young’s modulus of bone (without distinguishing cortical and trabecular bone) within an osteoporotic rat model.



2 Methods 2.1 Animal model Ten-week-old healthy female Sprague–Dawley rats (Charles River, Sulzfeld, Germany) were housed under standard laboratory conditions with free access to food and water. This study was performed according to our institutional guidelines and German protection laws and was approved by the ethical commission of the local governmental institution (“Regierungspräsidium” Giessen/Germany, permit number: 89/2009). The animals were divided into three groups. Animals of the first group, referred to as control (n = 10), were euthanized immediately (10 weeks of age). Animals of the second group, referred to as sham (n = 30), were fed a regular diet (Altromin-C100, Altromin Spezialfutter GmbH, Germany) and underwent laparotomy after being anesthetized with intraperitoneal injection of ketamine (Hostaket®, Hoechst, Germany) and xylazine (Rompun®, Bayer, Germany) at the age of 14 weeks. Animals of the third group, referred to as OVX  +  Diet (n  = 30), were ovariectomized bilaterally with a dorsal approach and fed with a diet deficient in vitamin D2/D3, vitamin C, calcium, phosphorus, and free of soy and phytoestrogen (Altromin-C1034, Altromin Spezialfutter GmbH, Germany). Subgroups from both animal groups (sham and OVX + Diet) were euthanized at month 3, month 12, and month 14 posttreatment. More details about animal grouping, treatment, and the osteoporotic bone status were described earlier in [9]. Vertebrae TH8, TH9, and TH10 (n = 70) were harvested and correctly conserved in wet state for further micro-CT examinations and/ or biomechanical testing. 2.2 Micro‑CT imaging Samples of vertebrae were scanned using micro-computed tomography systems (micro-CT), manufactured, and developed by SkyScan (SkyScan1072 and SkyScan 1173, Kontich, Belgium). The systems are based on microfocus tubes generating X-rays in cone-beam geometry. Unprocessed samples of TH8 (n = 9) and TH10 (n = 70) were stored in parafilm to prevent dehydration, mounted on a computercontrolled stage, and scanned 180° around the vertical axis in rotation steps of 0.45° at 75 kV tube voltage. Raw
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data were reconstructed with a modified Feldkamp conebeam reconstruction modus, resulting in two-dimensional cross-sectional images with a 8-bit gray-scale resolution at a spatial resolution of (8 μm)3 isotropic voxel size. The gray-scale threshold was set to separate bone from the surrounding tissue using an adaptive thresholding method for a precise identification of mineralized tissue. Afterward, TH8 vertebrae underwent biomechanical testing, whereas TH10 vertebrae were processed for further histological analysis. 2.3 Compression tests The mechanical quality of the vertebrae in wet state was tested by a uniaxial compression test. To this end, TH8 and TH9 vertebral bodies (n  = 70) were placed between two flat-ended rods of 10 mm diameter in a materials testing machine (Z10, Zwick, Ulm, Germany) and compressed to failure at a displacement rate of 10 mm/min (cf. Fig. 1). These tests were targeted to determine the maximum compressive load. The force–displacement curves, recorded during the compression test (Fig. 2), comprise further interesting information on the bone deformation. Remarkably, the curves reveal a nearly linear part suggesting an elastic behavior. The corresponding strains of about 10–20 % are unexpectedly high for an elastic bone deformation [20, 29]. For example, for human cortical bone, they are usually in the range up to about 1 %, depending on the strain rate [21]. Despite the lacking knowledge of the microscopic deformation mechanism of the rat vertebrae in this quasilinear region, we related an apparent microscopic Young’s modulus to this deformation stage by comparing the compression tests with FE calculations based on μCTs of the bone morphology of the vertebrae. The particular aim of



Fig. 1  Setup of the compression test of vertebrae. The vertebral arch is not loaded
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our calculations was to determine the change of this microscopic modulus with progressive osteoporosis. The force–displacement curves of the compression tests (Fig. 2) feature an initial part with small slope, a nearly linear part with roughly constant slope, and a strongly nonlinear final part. In the initial part, increasing contact of the vertebra with the stamps of the compression tester takes place, whereas in the final part of the curve, successive breaking of trabeculae seems to effect the nonlinear deformation up to complete breakdown of the vertebra. To characterize the quasi-linear part of the curve, we measured the maximum slope of the curve, which corresponds to a stiffness constant kexp (in N/mm) of the vertebra. For the force– displacement curves of two vertebrae (TH8 and TH9) of one animal shown in Fig. 2, the derived stiffness constants nearly agree. However, there are also few cases where the stiffness constants of vertebrae TH8 and TH9 of one animal differ up to a factor of 2. 2.4 Finite‑element simulations In order to determine the apparent microscopic Young’s modulus of the vertebrae, we performed virtual compression tests by FE simulations (Fig. 3), using the measured μCTs of vertebrae TH10. The simulations were done within the framework of linear elasticity. The elastic material properties were supposed to be homogeneous (no distinction between cortical and trabecular bone) and isotropic with a Poisson’s ratio of ν  = 0.33. According to Ladd and Kinney [14], changes of the Poisson’s ratio have only



Fig. 2  Force–displacement curves for compression tests of vertebrae TH8 and TH9 of one animal (control group: 0 month, no. 108). Three characteristic curve regions are marked for TH8: (I) increasing contact of the stamps of the compression tester with the vertebra, (II) nearly linear part, and (III) plastic deformation and bone destruction. The linear fit of the curve in region II follows the largest slope, thus capturing the highest vertebra stiffness. The stiffnesses of vertebrae TH8 and TH9 are very similar for this animal
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To mimic the compression test, a contact problem between rigid stamps of the compression tester and the vertebra was solved, neglecting friction between stamp and bone. The force on the stamps, which increases with increasing stamp displacement, was obtained by integration of the axial stress component σzz over a cross-section z = const of the vertebra:  F = σzz (x, y)dA.



Fig. 3  Force–displacement curve of a virtual compression test of vertebra TH10 (control group, no. 98) derived from a FE contact analysis. After approach of the stamps of the compression tester, an initial nonlinear behavior due to increasing contact area is obtained, which finally passes to a nearly linear curve. The slope of the linear part is supposed to correspond to the slope of the linear part of the experimental curves in Fig. 2. The inset shows a cross-section through the vertebra body (in undeformed state), demonstrating the applied load and calculated magnitude of the compressive strain in z-direction at a load of 130 N. The image reveals the regions of highly strained trabeculae. The color bar is cut to the shown region (color figure online)



marginal influence on the result. Young’s modulus was scaled to its correct value after the calculations to match the experimentally measured stiffness of the vertebra. For simulation of the compression tests, the binarized μCTs of the corresponding vertebrae were transformed into FE meshes, where the voxels of the μCTs correspond to hex-8 brick elements. To reduce computational effort, the μCTs usually were binned fourfold before transformation to hex-8 elements. Comparison with calculations, where the μCT was only twofold binned, showed minor differences in the derived microscopic elastic modulus of less than 3 %. To diminish the size of the μCTs of the vertebrae, the vertebral arch (cf. Fig. 1) was usually omitted in the scanning. This has only little effect on the calculated Young’s modulus since the processes practically carry no load in the compression tests. The small stiffening effect by the vertebral arch was estimated by comparing with calculations for a whole vertebra. The difference in the derived Young’s modulus with and without the vertebral arch was about 3 %. Because of this small value, the vertebral arch was removed from all μCTs before FE analysis. The FE calculations with typically 4 million degrees of freedom (32 million for the twofold binned samples) were performed by using in-house software. By means of the software package PETSc [1], the resulting system of equations for the displacements was solved in typically 20 min on a dual socket Xeon 5530 with 48GB RAM. After calculation of the displacements, the strain and stress in the bone were determined (cf. e.g., the inset in Fig. 3).
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As a result of these FE calculations, a force–displacement curve as shown in Fig. 3 was obtained. This curve is similar to the initial part of the experimentally measured force–displacement curve in Fig. 2. The initial slow increase in the slope of the calculated curve (Fig. 3) corresponds to an increasing contact area of the slightly curved surfaces of the vertebrae (cf. vertebra cross-section in the inset of Fig. 3). At larger stamp displacement u, the force– displacement curve becomes linear. The stiffness constant of the vertebra is calculated as slope of this linear curve part: kcalc = dF/du. From the requirement that calculated and measured stiffnesses are equal, k calc = kexp, the microscopic Young’s modulus Emic of the bone was fitted by linear scaling of the FE result. The compression tests were mostly done on vertebrae TH8 and TH9, μCT imaging, however, on TH10. For this reason, we used the experimental stiffness values of vertebrae TH8 and TH9 for fitting the Young’s modulus of the TH10 vertebrae, assuming that the mechanical properties of vertebrae TH8, TH9, and TH10 of one animal are closely related. To justify our assumption, compression tests as well as micro-CT were done on the same vertebrae TH8 in case of the sham group at 12 month. Subsequently, the Young’s moduli of both vertebrae TH8 and TH10 were determined based on the two corresponding μCTs and the compression test of TH8. A moderate systematic deviation of the Young’s moduli between TH8 and TH10 was found, which, however, does not exceed the overall scattering of the data (cf. Fig. 6). For comparing the different animal groups in the following, we always used the μCTs of vertebrae TH10 in the FE calculations. Generally, the vertebra stiffness is determined by the bone morphology as well as by the microscopic Young’s modulus. To separate these quantities, we defined the structure length
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which is solely affected by bone morphology and analyzed its change with progressive osteoporosis. Due to experimental difficulties, a few animals had to be excluded from the calculations. All remaining data points are shown in Fig. 6.
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◂ Fig. 4  Change in bone quality of vertebrae of the sham and



OVX  + Diet group. At 3 months, sham group animals show only minor differences to the control group, whereas a coarsening of the trabecular structure is observed for the OVX + Diet animals. At 12 and 14 months, trabecular thickness and count is drastically reduced for the OVX + Diet animals, and less mineralized areas (dark pink) appear at the edges of trabeculae. For the sham rats, minor coarsening of trabeculae is found. Hematoxylin–eosin histological staining on paraffin embedded samples, Tb trabecular bone (pink), BM bone marrow (purple), scale bar 100 μm (color figure online)



soft tissue, we roughly chose a Young’s modulus of 10 MPa (compare, e.g., data for human thoracic spine disk tissue by Stemper et al. [24]), and for the microscopic bone modulus, we used our corresponding calculated value. This composite system was again compressed in axial direction. From the calculated stress states, the probable failure mode of the vertebrae can be predicted.



3 Results 3.1 Histology and micro‑CT Histology (Fig. 4) demonstrates a coarsening of the trabecular structure at the age of 3 months and ongoing loss of thickness and number of trabeculae for the OVX + Diet animals at the age of 12 and 14 months. Micro-CT of comparable anatomical regions and equal-sized volume of interest support these findings. The images in Fig. 5 show a loss of mineralized tissue in trabecular and cortical bone. At the age of 3 months, only a slight widening of the trabecular separation is observed compared with the sham group. A dramatic loss of trabecular and cortical thickness as well as trabecular number is observed at the age of 12 and 14 months. 3.2 Mechanical bone properties



To compare the stress state in healthy and osteoporotic vertebrae under loading similar to in vivo conditions, we performed specially adapted FE calculations, simulating the intervertebral disks by soft tissue with a thickness of 1.1 mm, placed on top and bottom of the vertebrae. For the



From calculations and measurements of the stiffness of vertebrae, we were able to determine the mean values of the microscopic Young’s modulus Emic of bone for the different animal groups. The modulus varies within a range from 0.2 to 0.9 GPa (Fig. 6a). To evaluate the effect of the special animal treatment on the mechanical bone properties, the measured vertebra stiffnesses, the derived microscopic elastic moduli, and the structure lengths of rat vertebrae of the control, sham, and OVX + Diet groups are summarized in Fig. 6. Differences in Young’s modulus and stiffness between the control group and the combined group OVX  + Diet-12 + 14-months were significant, according to t test (p = 0.05). The stiffness in the OVX + Diet group shows a noticeable reduction compared with the control and sham group. This is particularly pronounced after 12
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Fig. 5  Change in bone quality of vertebrae of the sham and OVX  + Diet group. 3D volume images of TH10 (axial orientation with a thickness of 240 μm) obtained from regions close to the cranial plate of the vertebral body. Control group on top, left column sham group, right column OVX + Diet animals. Comparable



to histology, at the age of 3 months (S3 vs. O3), only slight differences in trabecular loss can be observed. A clearly visible change with a dramatic loss of trabecular number and cortical thickness can be observed after 12 months (S12 vs. O12) and 14 months (S14 vs. O14). Bar (control) indicates 1 mm, same scale in all images



and 14 months (decrease in mean stiffness value for the OVX  + Diet animals by 76 % compared with the control group). An analogous behavior is found for the Young’s modulus (decrease of mean value for the OVX + Diet animals by 72 %). Remarkably, there is a strong reduction in stiffness and modulus of treated animals between months 3 and 12 in contrast to the structure length that slightly increases. The behavior of the structure length suggests that a strong reduction in the bone volume occurs in the first 3 months. Afterward, mainly the modulus diminishes. This means that the stiffness decrease is mainly due to a diminished microscopic modulus and less due to bone volume changes. To elucidate possible failure mechanisms in osteoporotic vertebrae, we have performed stress calculations in healthy and osteoporotic vertebrae under compressive axial load



similar to in vivo conditions. Typical results for the corresponding stress states in the anterior part of the vertebra bodies are shown in Fig. 7. As important quantity for predicting possible failure, the equivalent von Mises stress is displayed. Due to the morphology of the vertebrae and the applied uniaxial loading, the z-component of the stress and the principal stress show nearly the same behavior as the equivalent von Mises stress. The osteoporotic vertebra shows about 10 times higher stress values in the highly loaded regions, compared with the healthy one. For both healthy and osteoporotic vertebrae, the highest stress values are located in the trabeculae in the middle of the vertebrae, being about 3–4 times higher than in the peripheral parts of the vertebra body. These trabeculae obviously are most vulnerable to failure.
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Fig. 6  Stiffness (a), structure length (b), and microscopic Young’s modulus (c) of rat vertebrae of sham group (sham) and OVX + Diet group (diet) at 3, 12, and 14 months, compared with the control group. In the graphs, the data of single animals (blue triangles) as well as the mean values with standard deviations (red) are shown. 12-TH10: standard procedure, 12-TH8: sham at 12 months, compressions tests and μCT both from vertebra TH8 (s. text) (color figure online)



4 Discussion In this study, a combination of μCT imaging, biomechanical testing, and FE calculations was employed to determine the overall microscopic Young’s modulus of healthy as well as of osteoporotic rat vertebrae. In a similar previous study [25], only the macroscopic Young’s modulus of a healthy rat vertebra was determined. According to our analysis, for both healthy and osteoporotic animals, the overall microscopic Young’s modulus is remarkably lower than the modulus obtained, for example, with the local nanoindentation method [10, 13]. Clear evidence was found that the osteoporotic bone development is also accompanied by microscopic elasticity changes, besides changes of bone morphology.
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Fig. 7  Equivalent von Mises stress in a cross-section through the anterior part of a healthy (a) and an osteoporotic vertebrae (b). Both vertebrae bodies were embedded between spine disks and subjected to the same force. In both cases, the trabeculae in the middle of the vertebra body experience the highest stress. Those highest stress values are about 10 times higher in the osteoporotic bone. The stress in the cortical shell of the healthy vertebra is evenly distributed along the z-axis, whereas in the osteoporotic bone the middle part of the cortical shell is remarkably less loaded. The color bar is cut to the shown region; the coordinate system is the same as in Fig. 1 (color figure online)



development. Characteristic changes of the bone tissue in the OVX + Diet group in the present animal model were reported previously by Heiss et al. [11] and Govindarajan et al. [9]. Dual energy X-ray absorptiometry showed a continuous loss of bone mineral content for rats at the age of 3, 12, and 14 months. Spine and pelvis were identified as the most affected sites at the age of 3 months. 4.2 Mechanical bone properties



4.1 Histology and micro‑CT Histology (Fig. 4) and micro-CT (Fig. 5) of comparable anatomical regions and equal-sized volume of interest clearly demonstrate the course of osteoporotic bone



The derived Young’s modulus values for the rat vertebrae of 0.2–0.9 GPa (Fig. 6a) are smaller than typical values reported in the literature for healthy and osteoporotic bone. By means of bending tests of single trabeculae, Busse et al.
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[4] determined comparatively low values of 1.2 GPa for osteoporotic human rod-like trabeculae, compared with 2.2 GPa for intact trabeculae. Several studies reported larger Young’s moduli, for example, 12.7 GPa (nanoindentation, [13]), 14.8 GPa (ultrasonic measurements, [23]), and 17 GPa (combination of FE analysis and compression test, [17]). In the following, we discuss possible reasons that could lead to an underestimation of the microscopic Young’s modulus within our approach. According to the analysis in [5], trabecular thicknesses determined from μCT images are often larger compared with thicknesses derived from histology. Deviations result mainly due to voxels partially filled with bone. For the present voxel size of 8 μm and a typical trabecular thickness of 100 μm for the OVX + Diet rats, the uncertainty in trabecular thickness is at most 16 %. This corresponds to an overestimation of the cross-section area of trabeculae of at most 35 %. Consequently, in the worst case, the microscopic Young’s modulus is underestimated by 35 %. Further sources of error in determining the modulus are related to slight differences in the vertebra loading between biomechanical compression test and computer experiment. This mainly concerns the value of the loaded area of the vertebrae during compression. The area difference should be less than 10 %, resulting in less than 10 % deviation of the Young’s modulus. Slight differences in the vertebra orientation relative to the stamps of the compression tester would also cause deviations, which are, however, expected to be smaller than 10 %. In summary, the relative error in the calculation of the microscopic modulus due to μCT binarization and differences in the real and virtual compression test should be less than about 50 %. Consideration of this maximum systematic deviation yields an upper limit of the mean modulus values from 0.3 to 1.4 GPa (cf. Fig. 6a). The sophisticated micromechanical study of rat vertebrae by Tsafnat and Wroe [25] is closely related to our present investigations. A compression test of a vertebra with very low displacement rate of 1 μm/s was performed in situ during μCT scanning. The corresponding force–displacement curve also showed a linear region around 6 % strain. At higher strains up to 11 %, only a slight decrease of the slope occurred. By comparing with FE simulations, an effective Young’s modulus (not the microscopic one) of the whole vertebra of only 0.128 GPa was derived by Tsafnat and Wroe [25]. We roughly estimated the corresponding microscopic Young’s modulus by applying the well-known Voigt approximation for composites (cf. e.g., [6]) and assuming a typical BV/TV ratio of healthy vertebrae of 0.3. As a result, a value of about 0.4 GPa was obtained, which is even smaller than our mean microscopic moduli derived for the control and sham group (Fig. 6a). Possibly, this difference is related to the 167 times slower displacement rate used by Tsafnat and Wroe [25].
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A large scattering as in our measured stiffness (kexp) data is often observed in animal experiments with bone [16]. However, our data show a clear tendency of lowering of the microscopic Young’s modulus during the osteoporotic bone development in the OVX + Diet group. The observed softening of bone is presumably related to lowering of the mineral density in the bone. This is supported by histological staining [7], as well as by spatially resolved timeof-flight–secondary ion mass spectrometry (TOF–SIMS) measurements on these rat vertebrae, showing a strong and inhomogeneous loss in the mineral density of the bone [12]. As mentioned above, a non-uniform distribution of the calcium density in human osteoporotic trabeculae was also reported by Busse et al. [4]. In that case, the calcium content was, however, enhanced despite a decrease in the microscopic Young’s modulus. More precise stiffness data could be obtained by an appropriate experimental setup, specially targeting the quasi-linear deformation region of the vertebrae (e.g., by loading–unloading experiments). A more accurate determination of the structure length could be achieved by using histomorphometry data (e.g., trabecular thicknesses) for improving the μCT binarization, especially when increasingly inhomogeneous calcium distribution with progressive osteoporosis complicates binarization. The softening of bone, observed in the present osteoporotic animal model, is fundamental for understanding and treatment of osteoporosis. For given mechanical loading and given bone morphology, softer bone exhibits higher deformation which could enhance bone remodeling under osteoporotic conditions. In other words, the observed bone softening could counteract further bone loss. Remarkably, only a slight difference is found between the structure lengths of the control and OVX + Diet groups at 14 months (Fig. 6c). Since bone fracture occurs when the local tissue deformation exceeds a certain threshold, changed microscopic elastic properties will have strong impact on the fracture behavior. Elastic mismatch between implant material and bone tissue can lead to stress shielding and subsequent implant loosening. In view of the reduced local elastic modulus of osteoporotic bone tissue, implant materials of particularly low modulus are desired, possibly even at the expense of lower implant strength. Our comparative FE analysis of healthy and osteoporotic vertebrae under axial compressive load through artificial vertebrae disks revealed that the osteoporotic vertebra shows about 10 times higher maximum stress values in the highly loaded regions than the healthy one. The structure length of the osteoporotic vertebra is about one half of the healthy one. Since the structure length is roughly proportional to the area of a bone cross-section perpendicular to the axial load direction, the stress in the osteoporotic bone should only be about twice that of
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healthy bone. This large stress concentration in the middle of the osteoporotic vertebra body is obviously caused by the peculiar bone morphology. In the healthy vertebra, corticalis and trabeculae are well connected, which results in a rather homogeneous stress distribution in the cortical shell. In the osteoporotic case, the remaining trabeculae network is only weakly connected to the cortical shell. Therefore, the curved cortical shell can easily bend outward and hence bears less compressive load. Consequently, the trabeculae in the middle of the osteoporotic vertebra are highly loaded and are thus particularly prone to fracture. In summary, the trabeculae in the middle of the osteoporotic vertebra will fracture already at considerably lower overall load compared with the healthy vertebra. As a consequence, the support of the vertebra “cap” is removed, eventually leading to its fracture. The proposed failure mechanism corresponds to observations of osteoporotic vertebral fractures in humans, where impactions of spongiosa near to the anterior margin and parallel to the upper plate or, alternatively, collapse of the upper plate have been seen frequently. In conclusion, the present rat model shows a distinct osteoporotic bone development. For a first quantitative evaluation of osteoporotic bone softening, the microscopic Young’s modulus has been derived. In the course of osteoporosis, a considerable reduction in the modulus was found. Similar reduction could also apply to other animal models or for human osteoporosis. Knowledge of the reduced microscopic modulus should be useful for further investigations of bone remodeling and fracture behavior, as well as for designing and testing of implant materials specially adapted to osteoporotic bone. Acknowledgments  Our appreciation is to Gunhild Martels (Justus-Liebig-University, Gießen) for excellent technical support and to Anita Ignatius and Lutz Dürselen (University of Ulm, Medical Faculty) for making the compression tests possible. We thank Michael Kücken for critically reading the manuscript. This work was supported by the Deutsche Forschungsgemeinschaft (DFG) through SFB/TR 79. We gratefully acknowledge support from the German Excellence Initiative via the Cluster of Excellence EXC 1056 “Center for Advancing Electronics Dresden” (cfAED). The authors thank the Center for Information Services and High Performance Computing (ZIH) at the Dresden University of Technology for computational resources and the Cluster of excellence “Center for Regenerative Therapies Dresden” (CRTD) for additional help.
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