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Skeletal fragility definition
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Summary

Strategies to reduce fracture risk must be based on the un-
derstanding of the mechanisms that underline the increased
incidence of fractures with age and with bone diseases that
reduce bone stock. There is evidence that in addition to bone
minerals density, other factors influence bone strength. This
study reviews the biomechanical aspects of age-related frac-
tures, including the interacting roles of traumatic loading and
bone strength, and the factors that determine the resistan-
ces of bones to fracture. Although low bone mineral density
(BMD) is among the strongest risk factors for fracture, a num-
ber of clinical studies have demonstrated the limitations of
bone mineral density measurements in assessing fracture risk
and monitoring the response to therapy. These observations
have brought renewed attention to the broader array of fac-
tors that influence skeletal fragility, including bone size, sha-
pe, micro-architecture and bone quality. Bone fragility can be
defined by biomechanical parameters, including ultimate for-
ce, ultimate displacement and energy absorption. Many
osteoporosis treatments build bone mass but also change tis-
sue quality. Antiresorptive therapies, such as bisphospho-
nates, substantially reduce bone turnover, impairing micro-
damage repair and causing increased bone mineralization,
which can increase the brittleness of bone. Anabolic thera-
pies, such as teriparatide, increase bone turnover and porosity,
which offset some of the positive effects on bone strength.
Osteoporosis therapies may also affect bone architecture by
causing the redistribution of bone structure. Restructuring
of bone during treatment may change bone fragility, even in
the absence of drug effects on BMD.
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Bone Mineral Density and Skeletal Fragility

Although low Bone Mineral Density (BMD) is among the strongest
risk factors for fracture, many clinical studies (1-4) have demon-

strated the limitations of bone mineral density measurements in
assessing fracture risk and monitoring the response to therapy.
These observations have brought attention to the broader array
of other factors that may influence skeletal fragility, including bone
size, shape, and microarchitecture. The foregoing has led to at-
tempts at understanding the concept of bone quality. It is difficult
to define and includes ideas such as toughness, strength, resis-
tance to failure, load-bearing and capacity. Emerging definitions
include a number of factors in a single common notion that includes
bone intrinsic material properties, bone geometry, bone micro-
damage, as well as bone mass. The function of bone remodeling
in skeletal homeostasis is to remove damaged bone tissue and
replace it with healthy intact bone distributed appropriate to the
loads placed on it. Any remodeling in excess of that required for
these purposes can only weaken the skeleton. Thus, we have come
to realize that suppression of remodeling by agents such as an-
tiresorptive or estrogen-like drugs are effective and safe because
they reduce excessive remodeling to levels approximating opti-
mal remodeling rates needed for repair bone tissue.
Osteoporosis is defined as “a skeletal disorder characterized by
compromised bone strength leading to an increased risk of frac-
ture”. This definition underscores the role of bone strength and im-
plies that understanding bone strength is the key to understand-
ing fracture risk. Whereas low BMD is among the strongest risk
factors for fracture, it was demonstrated the limitations of BMD mea-
surements in assessing fracture risk and monitoring the response
to therapy (5,6). These observation have brought renewed attention
to the broader array of factors that influence bone strength and
fracture risk. From a mechanical perspective, fractures represent
a structural failure of the bone whereby the forces applied to the
bone exceed its load-bearing capacity. The forces applied to the
bone will depend on the specific activity and will vary with the rate
and direction of the applied loads. The ability of a bone to resist
fracture depends on the amount of bone, the spatial distribution
of the bone mass, and the intrinsic properties of the materials that
form the bone. Bone strength reflects the integration of two main
features: bone density and bone quality. 
Bone density is expressed as grams of mineral per area or vol-
ume, and in any given individual is determined by peak bone mass
and amount of bone loss. Bone quality refers to architecture,
turnover and mineralization. 
Osteoporosis is a significant risk factor for fracture, and a distinction
between risk factors that affect bone metabolism and risk factors
for fracture must be made. The mechanism whereby excessive
remodeling results in a fragile skeleton has not been completely
worked out but we may hypothesize several mechanisms. First,
remodeling always weakens the skeleton, at least transiently. How-
ever, when appropriate to the repair of microdamage, the transient
weakness caused by a remodeling site is compensated by the im-
provement in strength from the removal and replacement of dam-
aged bone tissue. However, remodeling in excess of that need for
maintenance and repair can only contribute weakness to the skele-
ton. Excess remodeling causes loss of trabecular connectivity and
loss of trabecular elements. Further, remodeling sites themselves,
Howship’s lacunae, weaken trabeculae under load. Finally, the ex-
cessive remodeling results in many areas of under-mineralized bone
matrix. These areas will not bear load because their stress is shield-
ed by those areas of the skeleton that are stiffer because their os-
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teoid is better mineralized. Thus, there are several mechanisms
whereby excessive remodeling weakens the skeleton.
Osteoporosis drugs generally fall into two broad categories: bone
resorption inhibitors and stimulators of bone formation. Each of
these strategies has produced treatments that reduce fracture risk
substantially. However, these drugs are not completely free of po-
tentially negative effects on bone tissue. Tissue fragility can be char-
acterized by measurements of intrinsic biomechanical properties;
some drugs may affect bone tissue properties. Strong inhibitors
of bone resorption, like bisphosphonates, can reduce bone
turnover by 80-90%, causing a gain in bone mineral density. Due
to reduced turnover, the mean tissue age of the bone is increased
with bisphosphonate treatment as is bone mineralization. Increased
mineralization affects a number of biomechanical properties of bone:
stiffness is increased, while ultimate displacement is decreased.
Consequently, increasing mineralization improves the structural
rigidity of bone while at the same time making the tissue more brit-
tle. Work to failure tends to decrease as bone becomes more high-
ly mineralized, suggesting that hypermineralized bone is more frag-
ile. Another potential side effect of bisphosphonates is impairment
of microdamage repair. Bone remodeling helps to maintain tissue
integrity by selectively removing damaged bone and replacing it
with new bone. This repair mechanism is blunted by bisphos-
phonates. At present, there is no evidence that microdamage ac-
cumulation occurs during treatment with clinical doses of bis-
phosphonates. Teriparatide affects bone tissue much differently
than bisphosphonates. Teriparatide increases bone turnover sub-
stantially, effectively reducing mean tissue age, thus decreasing
tissue mineralization, and increasing cortical bone porosity. Low-
ering mineralization weakens bone tissue and increasing poros-
ity further weakens bone. Increases in porosity cause dispropor-
tionate decreases in bone strength, small increases in porosity can
decrease bone strength substantially. However, most of this in-
crease in porosity occurred at the endocortical surface of bone.
This surface carries the smallest mechanical stress when subjected
to bending. Porosity on the periosteal surface, where mechani-
cal stress is highest, was increased only slightly. 

Bone Resistance

As a long bone grows, the mass of bone inside the periosteal en-
velope is fashioned into a cortex with a thickness determined by
the growth of the endocortical surface relative to the periosteal sur-
face. The accrual of mass happens in proportion to the enlarging
whole bone, so the volumetric BMD is constant or increases slight-
ly during growth and is no different in either sex. Loss of bone min-
eral occurs out of proportion to the loss of bone mass because
the high remodelling rate results in a fall in bone mineral content
of the existing bone tissue; old bone that has undergone more com-
plete secondary mineralization is removed and replaced by
younger bone that has undergone primary, but less complete sec-
ondary, mineralization. The bone densitometer measures bone min-
eral mass and cannot distinguish whether the fall in density is due
to proportionate loss of bone mass with its mineral, due to de-
generative balance, or whether it is the result of higher remodel-
ling replacing more mineralized old bone with less mineralized
young bone. The biomechanical importance of the different min-
eral content is uncertain, but bone that is too highly mineralized
could become more brittle, and bone that is incompletely miner-
alized could lose its stiffness. As endosteal bone loss proceeds
as a person ages, periosteal apposition takes place, increasing
the cross sectional area of bone and resulting in the dispersion
of the load on a larger area, reducing the load/unit area on the bone.
Furthermore, periosteal apposition reduces the net loss of bone
from the whole bone. Consequently, the fall in volumetric BMD of
the whole bone is less than would have occurred had there been
no periosteal apposition.Cortical bone loss is less in men than in

women because periosteal bone formation is greater, not because
endosteal resorption is greater in women than men. On the con-
trary, the absolute amount of bone lost from the endosteal surface
is greater in men than in women because they have a larger skele-
ton. Thus, bone loss reflects the net result of all the periosteal bone
formed during ageing minus all the bone irreversibly removed from
the endosteal surface, which is itself a function of the size of the
negative bone balance in each basic multicellular unit and the num-
ber of units (7-9). 
Findings of studies in twins and family members have established
that differences in traits such as bone size, shape, and BMD be-
tween individuals of the same age are largely attributable to dif-
ferences in their genes, not differences in environmental exposures.
Progress in the study of the genetics of bone fragility is slow be-
cause the phenotype is poorly defined; fractures are too rare to
allow detection of an association with genes that regulate a struc-
tural determinant of bone strength. BMD, the two dimensional es-
timate of mineral mass, is too ambiguous a phenotype to allow de-
tection of the cell-specific and surface-specific genetic determi-
nants of the above complex traits (10). 

Basis of Bone Fragility

More women sustain fractures than men because they start with
a smaller skeleton at peak and trabecular bone loss proceeds by
more architectural disruption; women have a skeleton that adapts
less well to aging by periosteal apposition, periosteal bone formation
increases the cross sectional area of the bone less, so that the
load per unit area on the bone decreases and bone loss is offset
less in women. Consequently, a higher proportion of elderly women
than elderly men have bone size and volumetric BMD reduced to
below a critical level at which the loads on the bone are near to,
or greater than, the bone’s structural ability to tolerate them (11,12).
The structural differences responsible for higher fracture rates in
women than in men could be used as a model to explain the struc-
tural basis of differences in fracture rates within a sex. The reduced
vertebral size in women and men with spinal fractures, compared
with age-matched and sex-matched controls, is growth related and
could be partly the result of reduced age-related periosteal ap-
position. The reduced volumetric BMD in women and men rela-
tive to controls is probably the result of attainment of a lower peak
cortical thickness, and fewer and thinner trabeculae. Bone loss
during ageing and after the menopause in women, or hypogo-
nadism in men, reduces the already reduced peak volumetric BMD,
and produces architectural damage that predisposes to vertebral
fracture with minimum trauma. Women and men with normal or
larger peak bone size might have a skeleton that better tolerates
bone loss until old age, when continued cortical bone loss thins
the cortex and increases intracortical porosity, further reducing bone
strength at a time when increased prevalence of muscle weakness,
reduced coordination, and propensity to fall predisposes to hip frac-
tures. Whether women and men who sustain fractures have ex-
cessive or more rapid bone loss than the rest of the population
is not clear (13,14). The notion of excess bone loss needs evidence
of greater net resorption in individuals with than without fractures.
This idea requires evidence of a more negative bone balance in
the basic multicellular units of patients, due to a greater volume
of bone resorbed in each unit, a lower volume of bone formed in
each unit, or both. Alternatively, if basic multicellular unit imbal-
ance is negative, but no more negative in patients than in controls,
greater bone loss requires evidence of a higher remodelling rate
in patients with fractures than in controls. Histomorphometric and
biochemical evidence for higher resorption in the basic multicel-
lular unit, lower bone formation in the unit, or higher remodelling
rate in fracture cases than in controls is conflicting (15,16).Although
a higher group mean for indices of resorption, or a lower group
mean for indices of bone formation, is reported in people with frac-
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tures, the range of the data is more impressive than the difference
in the means, suggesting reduced volumetric BMD in patients is
likely to have a heterogenous cause.

Conclusions

While we have advanced our thinking regarding skeletal fragility
by understanding that the measurements of bone density explain
less than half of the determination of risk of fracture we must de-
vise measures that take into account defective bone quality. The
problem of measuring bone quality has become even more important
given that we desperately need clinical surrogates of fracture in or-
der to test and develop new drugs that reduce the risk of fracture
in patients with osteoporosis. Bone quality can be understood as
an umbrella term that describes the set of characteristics that in-
fluence bone strength and explains the interrelationships of these
characteristics. Bone strength depends on the structural and ma-
terial properties of bone, both of which are influenced by the rate
of bone turnover. Not all determinants of bone strength are well rep-
resented by a BMD measurement. Greater understanding of the
concept of bone quality will ultimately help improve the assessment
of fracture risk and monitoring of patients receiving treatment for
osteoporosis. Bone is a composite material, and the integrity of each
component contributes to bone strength. From the size of bones
to the levels of collagen molecules and mineral crystals, any mod-
ification of these determinants influences bone strength (17,18).
The ability of bone to resist failure depends on the ability of its ma-
terial and structural properties to absorb energy imposed during
loading and to release it when unloaded. The relative contribution
of each determinant in the occurrence of fractures remains unknown,
but the study of disease provides avenues to identify and explore
the pathogenesis of these defects. The level of the bone remod-
elling influences tissue mineral density and collagen cross-linking,
producing structural abnormalities such as stress risers, whereas
an imbalance in the volume of bone resorbed and formed com-
promises the structure of bone.
A better knowledge of the relative importance of the different de-
terminants of the bone “quality” in the determination of skeletal
strength and fragility will improve the understanding of the patho-
genesis of bone fragility in metabolic bone diseases.

References

1. World Health Organisation. Assessment of fracture risk and its ap-
plication to screening for postmenopausal osteoporosis. Technical Re-

port Series 1994, 843. WHO, Geneva.
2. Kanis JA, Johnell O, Oden A, Jonsson B, De Laet C, Dawson A. Risk

of hip fracture according to the World Health Organization criteria for
osteoporosis and osteopenia. Bone 2000;27:585-590.

3. Committee for Proprietary Medicinal Products (CPMP). Note for guid-
ance on involutional osteoporosis in women. European Agency for the
Evaluation of Medicinal Products, London 1997 (CPMP/EWP/552/95).

4. Kanis JA, Johnell O, Oden A, De Laet C, Mellstrom D. Diagnosis of
osteoporosis and fracture threshold in men. Calcif Tissue Int
2001;69:218-221.

5. Liu, Z, Piao J, Pang L, Qing X et al. The diagnostic criteria for prima-
ry osteoporosis and the incidence of osteoporosis China. J Bone Min-
er Metab 2002;20:181-189.

6. Marshall D, Johnell O, Wedel H. Meta-analysis of how well measures
of bone mineral density predict occurrence of osteoporotic fractures.
BMJ 1996;312:1254-1259.

7. Seeman E, Duan Y, Fong C, Edmonds J. Fracture site-specific deficits
in bone size and volumetric density in men with spine or hip fractures.
J Bone Miner Res 2001;16:120-27.

8. Seeman E. Pathogenesis of bone fragility in women and men.
Lancet 2002; 359: 1841-50.

9. Turner C.H. Biomechanics of bone: determinants of skeletal fragility
and bone quality. Osteoporosis Int 2002;13:97-104.

10. Turner CH, Hsieh YF, Muller R, Bouxsein ML, Rosen CJ, McCrann
ME, et al. Variation in bone biomechanical properties, microstructure,
and density in BXT recombinant mice. J Bone Miner Res 2001;16:206-
13. 

11. Cooper C, Aihie A. Osteoporosis: recent advances in pathogenesis
and treatment. Q J Med 1994;87:203-209.

12. Kanis JA, Johnell O, Oden A, De Laet C, Jonsson B, Dawson A. Ten
year risk of osteoporotic fracture and the effect of risk factors on screen-
ing strategies. Bone 2001;30:251-258.

13. Kanis JA, Johnell O, Oden A, Jonsson B, Dawson A, Dere W. Risk
of hip fracture in Sweden according to relative risk: an analysis applied
to the population of Sweden. Osteoporos Int 2000;11:120-127.

14. Hui SL, Slemenda CW, Johnston CC. Age and bone mass as pre-
dictors of fracture in a prospective study. J Clin Invest 1998;81:1804-
1809.

15. Turner CH. Determinants of skeletal fragility and bone quality. J Mus-
culoskel Neuron Interact 2002;2(6):527-528.

16. Kanis JA, Borgstrom F, De Laet C, Johansson H, Johnell O, Jonsson
B, Oden A, Zethraeus N, Pfleger B, Khaltaev N. Assessment of frac-
ture risk. Osteoporos Int 2005;16: 581-589.

17. Recker RR. Skeletal fragility and bone quality. J Musculoskelet Neu-
ronal Interact 2007;7(1):54-55.

18. Cummings SR, Karpf DB, Harris F, Genant HK Ensrud K, LaCroix AZ,
Black DM. Improvement in spine bone density and reduction in risk
of vertebral fractures during treatment with antiresorptive drugs. Am
J Med 2002;112:281-289.

Clinical Cases in Mineral and Bone Metabolism 2011; 8(2): 11-13 13

Skeletal fragility definition




