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Objective: To summarize the current knowledge regarding the various determinants of bone strength. Methods: Relevant English-language articles acquired from Medline from 1966 up to January 2005 were reviewed. Searches included the keywords bone AND 1 of the following: strength, remodeling, microcrack, structur*, mineralization, collagen, organic, crystallinity, osteocyte, porosity, diameter, anisotropy, stress risers, or connectivity. Abstracts from applicable conference proceedings were also reviewed for pertinent information. Results: Bone strength is determined from both its material and its structural properties. Material properties such as its degree of mineralization, crystallinity, collagen characteristics, and osteocyte viability have substantial impacts on bone strength. Structural properties such as the diameter and thickness of the cortices, the porosity of the cortical shell, the connectivity and anisotropy of the trabecular network, the thickness of trabeculae, and the presence of trabecular stress risers and microcracks impact bone strength in diverse manners. Remodeling activity either directly or indirectly impacts all of these processes. Conclusions: Bone strength is dependent on numerous, interrelated factors. Remodeling activity has a direct impact on almost all of the components of bone strength and requires further investigation as to its impact on these factors in isolation and in unison. © 2006 Elsevier Inc. All rights reserved. Semin Arthritis Rheum 36:22-31 Keywords: bone, strength, mineralization, architecture, porosity, remodeling, anisotropy, osteocyte, collagen, crystallinity, connectivity, microcracks, stress riser
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he World Health Organization definition of osteoporosis put forth in 1993 was “a systemic skeletal disease characterized by low bone density and microarchitectural deterioration of bone tissue, leading to enhanced bone fragility and a consequent increase in fracture risk” (1). This definition highlighted bone mineral density (BMD) as an important component of fracture risk, but it also recognized that there are other factors that contribute to fracture susceptibility. In the more recent 2000 NIH Statement on Osteoporosis, Diagnosis, and Therapy, osteoporosis was defined as “a skeletal disorder characterized by compromised bone strength predisposing to an increased risk of fracture” (2). This newer definition intimates the paradigm shift that has been evolving for the past decade, that measures of bone strength are essential for fracture prediction and that, while BMD is a surrogate of bone strength, it explains only a portion of it. A bone of sufficient strength does not fracture under normal loading conditions, which includes mild to moderate trauma such as a fall from standing height or less. In simple terms, fracture occurs when local stresses exceed material strength. Fracture can occur either when strength remains constant and the stress to the bone is increased (traumatic fracture) or when the stress on the bone is constant and the strength of the bone is decreased (atraumatic fracture). Occasionally, there are situations where there is both weakened bone and high stresses, such when an osteoporotic individual suffers a fracture from a motorvehicle accident. Both the material strength and the local stresses placed on bone are dictated by a myriad of interrelated factors. Bone strength is altered in one of two ways: by changing the tissue-level material properties of the bone or by changing the structural properties of the bone, and thus the local stresses, through adjustment of the rates of bone resorption and formation (bone remodeling). This review seeks to document the material and structural components of bone strength in an attempt to better understand the mechanisms of fragility fracture. MATERIALS AND METHODS Relevant English-language articles acquired from Medline from 1966 up to January 2005 were reviewed. Searches included the keywords “bone” AND 1 of the following: “strength,” “remodeling,” “microcrack,” “structur*,” “mineralization,” “collagen,” “organic,” “crystallinity,” “osteocyte,” “porosity,” “diameter,” “anisotropy,” “stress risers,” or “connectivity.” All abstracts gathered were reviewed for relevance and those deemed applicable were collected in their full form and reviewed for inclusion in the review. The references cited in collected articles were also scanned for relevant articles that may not have been captured in the Medline search. Relevant conference proceedings were scanned to allow for the capture of recent data that may not have yet been published in its full form. Due to the relative infancy of many
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of the topics presented in this review, meta-analyses were not completed as they would not lead to any reliable conclusions. RESULTS Material Properties of Bone The material properties of bone encompass the properties of the constituents of bone itself and are independent of the bone’s size or shape (3). Since bone is essentially a composite of organic and inorganic materials, the investigation of the mechanical properties of either the organic or the mineral phase separately does not give an accurate representation of the properties of the composite as a whole. However, isolation investigations can provide valuable insight as to the roles of the different components of bone tissue with regard to bone strength. Mineralization The mineral phase of bone is responsible for both mechanical and homeostatic functions. Despite common perceptions, bone matrix is not uniformly mineralized, but rather displays a range of mineralization at any given skeletal site. The mean degree of mineralization of bone (MDMB) at a particular remodeling site is largely dependent on its stage of secondary mineralization (4). In an active remodeling sequence, the osteoclasts resorb bone from the remodeling space after which osteoblasts quickly fill the space with a collagenous osteoid. Primary mineralization generally begins 5 to 10 days after osteoid deposition and is typified by a rapid, linear rate of mineralization that proceeds until the remodeling cavity has been filled to 50 to 60% of the mineralization maximum. Following primary mineralization, the rate of mineralization slows and a phase of secondary mineralization begins; secondary mineralization progressively continues for a number of years, if not decades. Mineralization is rarely, if ever, complete and typically stabilizes around 90 to 95% of the maximum level (5). The MDMB and the distribution of mineralization is similar in trabecular and cortical bone, between genders, and over age (6). With normal aging the distribution of mineralization is relatively homogeneous and of higher degree due to reduced bone turnover, but the true volumetric density of the bone tissue is similar because of reduction of bone tissue per volume leading to a similar MDMB (g/cm3). Roschger and coworkers (7), using quantitative backscattered electron imaging, reported that there were no differences in trabecular BMD distribution between ethnicities, skeletal site, age (⬎25 years of age), or gender and that the intraindividual variance between sites was exceedingly small. However, significant interindividual differences were observed in patients with bone disease, such as osteomalacia, when compared with controls. Based on these findings, it was suggested that diagnostic transiliac biopsies would be generally representative of the entire skeleton with regard to mineralization and could be employed to ascertain the average mineralization of



24



Bone strength



A



B



C



D



Figure 1 (A) Normal mineralization; (B) osteomalacia; (C) decelerated bone turnover (such as seen with antiresorptive therapy); and (D) accelerated bone turnover (such as seen during menopause).



patients. With increased levels of bone remodeling, there is less time for complete secondary mineralization to occur, resulting in a lower MDMB. The MDMB of osteoporotic bone is lower than that of controls (8), most likely due to the typically increased remodeling rates. Figure 1 illustrates variability of mineralization in the trabeculae of individuals with (1) normal mineralization; (2) osteomalacia; (3) accelerated bone turnover (such as seen during menopause); and (4) decelerated bone turnover (such as seen with antiresorptive therapy). While an increasing level of bone mineralization is accompanied by an increase in the stiffness of the bone, it comes at the cost of reduced toughness (energy required to cause a fracture) of the bone (9). In other words, as mineralization increases, the tissue becomes more brittle and requires less energy to fracture. Therefore, it is possible for a bone that is hypermineralized to be more fragile than a bone with a lower degree of mineralization. This effect may partially explain the findings of Riggs and coworkers (10), which demonstrated that despite dramatic increases in BMD with fluoride treatment there was a significant increase in the number of patients with nonvertebral fractures in the fluoride group as compared with placebo. Therefore, while increased mineralization is important for imparting stiffness to bones, too high a mineralization can introduce fragility through a decrease in the bone’s toughness.



Crystallinity The strength of a bone is not only dependent on the degree of mineralization, but owes some of its mechanical behavior to the very properties of the minerals within bone. During secondary mineralization, there is a shift toward an increase in the number of crystals, an increase in crystal size, and increases in the degree of crystallinity (11). With increased crystal size there is a trend for a decreased deformation to failure (12); bone with a preponderance of large crystals will be more prone to breaking due to brittleness. In osteoporotic bone, crystal size is generally increased as compared with nonosteoporotic bone (13). However, where bone is relatively homogenous in terms of crystal size, with a preponderance of either small or large crystals, there is a consequent decrease in bone strength, so strength is not solely dependent on crystal size. Heterogeneity of crystal size is posited to be optimal (14). High degrees of crystallinity are associated with bone brittleness; more highly crystalline bone may permit earlier crack initiation by decreasing the amount of deformation that can occur before the formation of a crack and may also create an environment where cracks can easily propagate and coalesce into larger cracks to dramatically increase fracture risk (15). Increases in the crystal size and crystallinity of bone has been demonstrated with increasing age and tissue age (16), and the age-related increase in crystallinity has been shown to result in increased brittleness (12). The impact of bone crys-
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tallinity in osteoporosis-related bone fragility is unclear; however, an investigation by Rubin and coworkers (17) concluded that there were no substantial differences in crystal length or thickness between osteoporotic and nonosteoporotic trabecular bone. For optimal bone strength there should be a wide distribution of crystal sizes and moderate levels of crystallinity. Organic Component of Bone Increasing collagen content in bone increases the energy that must be absorbed before a bone will fracture (its toughness), most specifically after it begins to deform (18), but has little to directly do with the stiffness of bone (19). However, collagen content will indirectly act on stiffness as the more protein present in the organic matrix, the lower the MDMB must be, thereby decreasing stiffness. Collagen fibril size and orientation limit the size of bone crystals and control their orientation. Further, collagen plays an important role as a primary inhibitor of crack propagation, decreasing the probability of microcrack coalescence and fracture. Perhaps the best model of the importance of collagen in fracture susceptibility is that of osteogenesis imperfecta—where even single point mutations in the collagen molecule will dramatically increase the susceptibility for fracture (20). Much of the tensile strength in bone comes from the action of collagen covalent crosslinkages. In bone, triple helical collagen molecules (most often Type I collagen), stabilized by numerous bonds, are aggregated together first by divalent bonds (immature crosslinks) and then by stable trivalent bonds (mature crosslinks) to form microfibrils (21). Changes in collagen molecules and crosslinks may affect the mechanical integrity of the collagen network and subsequently lead to altered bone strength and toughness (22,23). Collagen denaturation and unwinding lead to decreases in strength and toughness and increases in compliance. Collagen crosslinks may play an important role in the mechanical integrity of the collagen network after collagen denaturation occurs; these crosslinks act to sustain mechanical integrity in the face of collagen denaturation (24). The enzymatic cleavage of amide links between amino acids in collagen chains may also decrease the strength of bone (25). In vertebral bone from individuals with osteoporosis there is a 20 to 34% reduction in the measurable number of stabilizing pyrrole crosslinks, with no differences in pyridinoline crosslinks as compared with age-matched controls (26). Aging has a larger impact on the plastic properties of bone, which are largely determined by the organic phase, as compared with the elastic properties (27). The agerelated reduction in toughness may play a large role in fracture susceptibility with aging. Collagen denaturation is related to the age-dependent decrease in bone toughness (28). Wang and coworkers (18) demonstrated that a 35% decrease in strength and 50% decrease in the toughness of the collagen network are associated with age-related de-
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clines in whole-bone strength and the amount of energy required to cause fracture. Osteocytes likely have a dual role within bone: they act in a mechanosensory role for assessing the presence of microdamage and act as regulators of bone remodeling to alter bone in a manner most appropriate for the loading situation or to repair microdamage (29). Osteocyte density is low in areas of high microcrack density, which may be a sign of osteocyte death, thereby allowing high densities of microcracks to occur (30). Osteocyte death has been demonstrated to increase with age and is correlated with an increase in the accumulation of fatigue damage (30,31). Osteocyte lacunar density in human cortical bone is negatively associated with microcracks during aging (32). With aging there is an increase in empty lacunae and a fall in the percentage of osteocyte-occupied lacunae in deep, but not superficial, bone (29). Individuals with lower osteocyte densities generally possess a higher fracture risk. The organic components play a large role in bone toughness, allowing the bone to undergo some deformation before experiencing fracture. The osteocytes are a vital link between the strains engendered in the bone, the resulting microdamage, and bone turnover. Structural Properties of Bone When investigating the structural properties of bone, the contributions of the cortical shell and the trabecular network will be addressed separately, as is commonplace, despite the reality that they act in unison in vivo in manners that are still largely not understood. Cortical Architecture Diameter and thickness. The diameter and the thick-



ness of the cortex have a dramatic impact on the biomechanical integrity of the bone (33,34). In long bones the material constituents of the cortex gain strength as they are moved away from the neutral axis of the bone—the bending strength of a particular area of bone is proportional to the fourth power of its distance form the neutral axis. The outer diameter of a long bone has been demonstrated to predict up to 55% of the variation in bone strength (35) and individuals with thinner cortices are more prone to fracture (36). Figure 2 illustrates the changes in strength associated with alterations in cortical bone diameter and width. The loads encountered during life are a function of body mass, stature, and bending moments created by muscles, and the ability to resist these forces are a function of the cross-sectional area of the bone and the volumetric BMD (37). With normal aging, the diameter of bones increases, which increases their strength (38), despite losses of bone mass from the endocortical surface that are greater than the bone deposited on the periosteal surface. The cortical shell of vertebrae increases in cross-sectional area with age, increasing the biomechanical strength (39,40), especially in men (41,42). Men have larger bones
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Figure 2 The impact of changing cortical diameter and width on bone strength.



than women, which allows them a greater mechanical bending strength (43). However, on average, men’s greater body mass, greater stature, and greater muscle mass also create a larger load for men to such an extent that the load per cross-sectional area of bone is similar in men and women at the vertebrae (44). In other investigations that examined the femoral neck region it was found that there were thinner cortices and no differences in the density of the trabecular bone in fracture cases when compared with nonfractured controls (36,45), highlighting the importance of structure in fracture susceptibility. A large diameter bone with thick cortices is ideal for strength and fracture avoidance. Porosity. Small increases in porosity lead to dispropor-



tionately large losses in bone strength (34). Porosity in the endocortex has less impact on bone strength than porosity on the outer diameter or periosteal surface. In adults younger than age 60, increases in both pore number and pore size with aging have been observed, whereas in adults over the age of 60 years there continued to be increases in pore size, but a decrease in pore number as the pores began to coalesce (46). Cortical porosity generally originates on the endosteal surface and progressively expands toward the periosteal surface (47). In men the changes in pore size and number seem to be even across the cortical shell, whereas in women there tends to be a concentration around the endocortical surface. Women have greater amounts of cortical porosity as compared with men after the age of 70 (27). Patients who have sustained fractures of the femoral neck tend to have higher cortical porosity, particularly in the anterior-inferior cortex, compared with matched controls (48). Figure 3 demonstrates typical changes in cortical porosity associated with aging and accelerated bone remodeling. Ideally for bone strength, there should be minimal porosity within bone, with only those cavities that are required for the living tissues.



Trabecular architecture. The microarchitecture of the trabecular network has a substantial impact on bone strength. An investigation by Parkinson and Fazzalari (49) reported that the strength of the trabecular bone structure was dependent on bone volume in a nonlinear manner. At very low bone volumes (under 15% bone per volume), there was a precipitous loss of mechanical competency compared with greater volumes. This underscores the importance of preventing large volumes of bone from being lost to avoid high fracture risk. Connectivity and anisotropy. Trabecular bone strength and stiffness are related to trabecular connectivity and orientation (50). The more inline the orientation of the trabeculae are to their loading environment, the better they are able to resist engendered strains. As Figure 4 demonstrates, an equivalent amount of bone distributed as widely separated, disconnected thick trabeculae is biomechanically less competent than when arranged as more numerous, connected, thin trabeculae (51,52). Increased connectivity reduces the unsupported length of trabecular struts; increasing connectivity is crucial as strut strength is related inversely to the square of the unsupported length (53,54). Euler’s theorem states that, in general terms, the strength of a vertical trabeculum is inversely proportional to the square power of its effective length (54). To further complicate matters, a loss of a single cross tie will typically affect 2 trabeculae. There is a preferential loss of horizontal trabeculae with aging (55,56) and a decreased trabecular interconnectedness (57). Guo and Kim (58) performed a 3-dimensional simulation of mass changes in trabecular bone and concluded that bone loss due to trabecular loss had a substantially larger impact on strength than an equal mass loss due to trabecular thinning. Therefore, for preventive therapies to be most effective, they should not only possess attributes that will preserve bone mass, but also preserve trabecular connectivity. Aaron and coworkers (59) reported that despite similar trabecular mass between vertebral fracture and nonfracture cases, there was an almost 4-fold increase in the number of
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Figure 3 The impact of cortical porosity on bone strength.
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Figure 4 (A) Equal bone mass—thinner trabeculae, connected, stronger; (B) equal bone mass—thicker trabeculae, less connected, weaker.



trabecular perforations in the fracture group (from iliac crest biopsies). Another investigation found that women who had fractured had a mass-independent difference of 4 times the real trabecular termini (a measure of trabecular disconnectedness) compared with nonfractured controls (59). Moreover, recent research has shown that the previously held belief that trabecular perforations within vertebrae could not be reversed was erroneous— examples of reversal were found in all subjects investigated (60). Anisotropy is the trait of an object that possesses different values for a given parameter, such as strength, when measured in different directions. With trabecular bone, an anisotropic structure is one that would demonstrate different strength or mechanical integrity attributes dependent on the direction of loading. With aging there is a preferential loss of horizontal trabeculae in vertebral bodies (55,56), likely as a consequence of reduced loading (Fig. 5). This loss of horizontal trabeculae decreases the strength of the trabecular network due to a loss in connectivity and an increase in the length of unsupported trabeculae. After thinning or resorption of the horizontal trabeculae there is an increased
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load on the trabeculae that lie in the primary loading direction, causing them to either maintain or increase in thickness (61,62). These preferential losses in horizontal trabeculae and augmentation of vertically oriented trabeculae cause trabecular anisotropy in that the strength of the trabecular structure measured in the primary loading direction is significantly higher than when measured in a direction not typically exposed to loading. In individuals with osteoporosis the vertical trabeculae are typically maintained, and in fact, become thicker to withstand the greater loads typically applied to them; however, the horizontal trabeculae are generally lost to a greater extent compared with controls without osteoporosis (56,63). Homminga and coworkers (64) concluded that individuals with osteoporotic fractures of the hip do not have weaker bone tissue, but rather display greater trabecular anisotropy with overadapted strength in the primary loading plane and underadapted bone in the nonprimary loading plane. This makes the bone weaker in the nonprimary loading direction, which is generally loaded during a fall (in the situation of the hip). Another investigation found that bone from hip fracture patients had significantly more anisotropic structure compared with controls with proportionately fewer trabecular elements transverse to the primary load axis, even after matching for bone volume (65). Microfinite element models have shown that tissue strains in the head of an osteoporotic femur were 70% higher, on average, and less uniformly distributed than in a healthy femur (66). Trabecular thickness. Not only is the connectedness of the trabecular network important, but also trabecular thickness is a factor in determining strength. Trabecular failure occurs by buckling and bending and the strength of the trabecular strut is proportional to the square of its radius (53,54). However, Silva and Gibson (67) have demonstrated that for an equal loss in mass, a perforation or removal of a trabeculae was 2- to 3-fold worse than a thinning of the trabeculae with regards to strength of the unit. Similarly, Guo and Kim (58) reported that, for a relative loss in trabecular bone, it was far more detrimental to the mechanical
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Figure 5 (A) Isotropic—relatively equal strength in all loading directions; (B) anisotropic—weak in the horizontal plane, strong in the vertical.



Figure 6 The impact of altering trabecular width and length on bone strength.
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competency of the bone to lose a trabecular connection than to have overall thinning of the trabecular network. Figure 6 illustrates the effect of changing trabecular length or width on trabecular strength. Therefore, while thicker trabeculae are stronger, if losses must occur in trabecular mass, then it is far better structurally to have the structure thin than perforate it. Stress risers. A stress riser is an area of an object at which stress will tend to be concentrated as a result of a particular shape or consistency of material. Resorption pits in bone produce local stress risers that contribute to fracture tendency, particularly in architecturally sensitive areas, such as thin trabeculae. In trabecular bone, stress risers cause reductions in bone strength greater than what would be expected due to loss of mineral alone. Van der Linden and coworkers (68) used finite element modeling to demonstrate that the removal of only 7% of bone from a resorption cavity has the same impact on mechanical sufficiency as the removal of 50% of bone through trabecular thinning. These findings explain why a reduction in the number and the size of resorption cavities due to antiresorptive drug treatment can result in large reductions of fracture risk, with relatively small increases in bone mass. Due to the almost irreversible nature of trabecular deterioration, particularly perforation, it is important to ensure that those individuals with early disease are treated as soon as possible. Microdamage. The capacity to accumulate microdam-



age, while preventing damage from growing and coalescing, is one of the key features that give composite materials their toughness and superior fatigue resistance. Materials resistant to structural fatigue often derive the ability to accumulate microdamage from their resistance to crack growth rather than resistance to crack initiation (69). In bone, repeated fatigue loading causes microcracks to accumulate and coalesce, which may lead to fracture (70,71). Cement lines and lamellar interfaces are critical microstructural characteristics that act to stop or deter crack progression, delaying microcrack coalescence to postpone the inevitable formation of the fatal crack (72,73). The accumulation of microcracks is associated with a decrease in the stiffness, strength, toughness, elastic modulus, and resistance to crack initiation of cortical bone (72,74,75). The occurrence of microdamage and its subsequent repair is a normal process, but the accumulation of bone microdamage may elevate fracture risk (76,77). Bone remodeling helps to maintain tissue integrity by selectively replacing damaged bone with new bone (76). Microdamage increases as a function of suppression of bone turnover. The level of bone turnover below which microcrack accumulation leads to bone fragility is unknown in humans (15), and thus the risk of fractures in humans that is attributable to microdamage remains to be established.



Bone strength



Microdamage increases with age at both cortical (78,79) and trabecular sites (30,80). A number of studies have shown that ability of internal interfaces degrade with age and may lead to greater accumulations of microdamage (18,81). Therefore, a strong bone would be typified by a relatively low volume of microdamage (with short microcracks) that would be easily replaced by normal remodeling activity. Bone Mass An important part of any structure is its mass. Bone mass has a large role in the strength of bone. Simply put, a more massive bone is a stronger bone. During life there are 3 processes that can alter bone mass: longitudinal growth, modeling, and remodeling. Longitudinal growth and modeling. During growth there are dramatic increases in long bone growth and bone modeling at which time there is a substantial accrual of bone mass. Approximately a third of all adult bone is accrued in a 4-year period surrounding the time of most rapid statural growth (adolescence) (82). These increases in mass provide a great deal of biomechanical strength as there is typically expansion at both the endocortical and the periosteal surfaces, leading to both a wider diameter bone and a wider cortex. However, during times of rapid bone accrual, such as during growth, the mean degree of mineralization is low (83). Further, during very rapid growth there have been reports of increased fracture susceptibility, perhaps as a result of increased cortical porosity (84). Therefore, while there are rapid gains made in bone mass during adolescence, there is still a component of weakness, perhaps as a consequence of some of the other components of bone quality transiently degrading. Bone mass and remodeling. In both cortical and trabecular bone small changes in the mineral content of bone will result in disproportionate losses in bone strength and stiffness (85). The degree of mineralization in adults is largely a reflection of the rate of bone turnover by remodeling (86). Bone remodeling refers to the turnover of bone, the process where old bone is resorbed and replaced with new bone and is driven by both structural and metabolic needs. During growth, remodeling plays a small part in the changes in bone mass, but after skeletal maturation it plays a dominant role. Typically, small losses in bone mass are observed over time in adults, which is thought to be a consequence of a small imbalance between osteoclast and osteoblast activity, with the former removing more bone per remodeling site than is replaced by the latter. During times of high turnover, such as menopause, there is both an acceleration of active remodeling and a slightly greater discrepancy between bone resorption and formation resulting in significant bone loss. These losses, either gradual over most of 1’s adult life, or rapid, such as
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with menopause, decrease the mass of bone which will directly impact bone strength, independent of architectural changes. Lips and coworkers (87) have demonstrated that, with aging, there is a gradual decrease in the wall thickness of trabecular packets laid down, which is indicative of a decreased level of bone formation. The small, persistent losses of bone mass by subtle imbalance in bone remodeling over decades significantly decreases the strength of bone. Remodeling and Its Impact on Bone Strength Bone remodeling impacts almost all of the factors that determine bone strength, both material and structural (microarchitecture, stress risers, degree of mineralization, organic components, bone mineral density, etc). Accordingly, the rates of bone turnover have a dramatic effect on bone strength and, therefore, fracture risk. Remodeling has both mechanical and homeostatic roles (88). The relationship between bone turnover and strength may be best described as an inverted “U”-shaped curve where very low or very high levels of bone turnover are associated with lower bone strength (89). While a minimum amount of turnover is essential for repair of microdamage (5), too little or too much can lead to bone fragility. If bone remodeling is markedly reduced, there is a resulting increase in microdamage accumulation, which will, if taken alone, weaken bone (90). With an increase in turnover the amount of collagen within bone will increase as a consequence of more active remodeling sites and therefore a larger proportion of undermineralized bone since it takes several months before primary mineralization is complete. While this will improve the ductility of the bone, it comes at the cost of lower stiffness. However, the remodeling process itself transiently decreases the strength of the area that is undergoing remodeling. Osteoclastic activity creates resorption pits, which decrease both the local mass of bone and the architectural integrity (primarily via stress risers that represent temporarily weakened trabecular bone) of the site during mechanical loading, particularly for load-bearing vertically oriented trabeculae (91). It is likely that the increased number of active resorption sites seen in high-turnover states creates an increased number of stress risers, in turn leading to mechanical weakness and increased fracture susceptibility. High turnover can have dramatic effects on cortical bone. The increased porosity and increased thinning of the cortical region of the femoral neck are significantly associated with increased Haversian remodeling in patients with hip fracture (45). Also, in aging individuals who have suffered a femoral neck fracture, there are areas of both decreased bone formation and increased resorption within the endocortical region (92). Therefore, increased rates of bone remodeling are associated not only with large losses of bone mass, but also with deterioration of microarchitectural integrity.
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DISCUSSION Bone strength is determined by a large number of interrelated factors. While many investigations have sought to quantify the impact of these components on bone strength, the nature of their interrelatedness only allows a cursory understanding of the roles each independently plays. The material properties of bone have a large impact on bone strength with increased strength reported for higher, but not hypermineralized, bone, crystal-size heterogeneity, and lower levels of crystallinity. The organic content of bone plays a large role in its ability to allow deformation and to accumulate energy before fracturing. The structure of the cortical shell has a dramatic impact on bone strength with greater strength being reported for wider diameter bones, thick cortices, and minimal cortical porosity. Increased mechanical competency is realized in trabecular bone with greater connectivity, decreased anisotropy, thicker trabeculae, and few resorption pits, which act as focally weak stress risers. While the accumulation of microcracks is certainly associated with a decrease in bone strength at some point, this level is not currently known. If rates of bone remodeling are too high or too low, bone fragility is increased. Bone turnover, or remodeling, impacts on almost all of the determinants of bone strength. As remodeling decreases, the mean mineralization and the homogeneity of mineralization increases. Correspondingly, as remodeling decreases, the proportion of collagen decreases. Further, high rates of remodeling result in a greater number of active resorption pits, which act as stress risers within the trabecular bone, and greater cortical porosity. Extremely low levels of bone remodeling are associated with an increase in the presence of microcracks. Therefore, while the independent impact of each component of bone strength is likely far from being established in vivo, it seems logical to alter bone turnover to attain the best possible protection from increased fragility and fracture risk. REFERENCES 1. Consensus development conference: diagnosis, prophylaxis, and treatment of osteoporosis. Am J Med 1993;94:646-50. 2. Osteoporosis prevention, diagnosis, and therapy. NIH consensus statement. 2000;17(1):1-45. 3. van der Meulen MC, Jepsen KJ, Mikic B. Understanding bone strength: size isn’t everything. Bone 2001;29:101-4. 4. Roschger P, Fratzl P, Eschberger J, Klaushofer K. Validation of quantitative backscattered electron imaging for the measurement of mineral density distribution in human bone biopsies. Bone 1998;23:319-26. 5. Boivin G, Meunier PJ. Changes in bone remodeling rate influence the degree of mineralization of bone. Connect Tissue Res 2002; 43:535-7. 6. Boivin G, Meunier PJ. The degree of mineralization of bone tissue measured by computerized quantitative contact microradiography. Calcif Tissue Int 2002;70:503-11. 7. Roschger P, Gupta HS, Berzlanovich A, Ittner G, Dempster DW, Fratzl P, et al. Constant mineralization density distribution in cancellous human bone. Bone 2003;32:316-23.
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