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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, po-
rosity, 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 inves-
tigation as to its impact on these factors in isolation and in unison.
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he World Health Organization definition of os-

teoporosis put forth in 1993 was “a systemic skel-

etal disease characterized by low bone density and
microarchitectural deterioration of bone tissue, leading to
enhanced bone fragility and a consequent increase in frac-
ture 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 predispos-
ing to an increased risk of fracture” (2). This newer defi-
nition 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 mod-
erate 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 (atrau-
matic fracture). Occasionally, there are situations where
there is both weakened bone and high stresses, such when
an osteoporotic individual suffers a fracture from a motor-
vehicle accident. Both the material strength and the local
stresses placed on bone are dictated by a myriad of inter-
related factors.

Bone strength is altered in one of two ways: by chang-
ing 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 struc-
tural 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 in-
cluded the keywords “bone” AND 1 of the following:
“strength,” “remodeling,” “microcrack,” “structur*,” “min-
eralization,” “collagen,” “organic,” “crystallinity,” “osteo-
cyte,” “porosity,” “diameter,” “anisotropy,” “stress risers,” or
“connectivity.” All abstracts gathered were reviewed for rel-
evance and those deemed applicable were collected in their
full form and reviewed for inclusion in the review. The ref-
erences cited in collected articles were also scanned for rele-
vantarticles that may not have been captured in the Medline
search. Relevant conference proceedings were scanned to al-
low for the capture of recent data that may not have yet been
published in its full form. Due to the relative infancy of many

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 inves-
tigation 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 me-
chanical 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 depen-
dent 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 miner-
alization generally begins 5 to 10 days after osteoid dep-
osition and is typified by a rapid, linear rate of mineral-
ization that proceeds until the remodeling cavity has been
filled to 50 to 60% of the mineralization maximum. Fol-
lowing 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 mineral-
ization 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/cm?). 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, sig-
nificant 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 representa-
tive of the entire skeleton with regard to mineralization and
could be employed to ascertain the average mineralization of
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