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The mineral component of bone has two primary func-
tions — mechanical and homeostatic. Bone apatite crystals
reinforce the collagenous matrix giving it strength and rigid-
ity, while also serving as a storage repository for Ca, Mg, and
inorganic phosphate ions. To serve these purposes, these
bone mineral crystals have a relatively narrow range of sizes
(~100 A), however these sizes, and the properties of the
mineral in general, differ with tissue site as well as with age
in health and disease. The mineral properties that vary
include mineral composition, crystallite size and perfection,
and crystallite orientation.

Recent evidence' suggests that while bone mineral densi-
ty (BMD) is correlated with bone strength and fracture risk?,
it is not a sufficient predictor of whole bone mechanical
properties. Currey suggested a series of equations relating
measures of bone strength to parameters including geome-
try, architecture, and mineral content’. Similar components
were found to contribute to both cortical and cancellous
bone strength®. The equations were not perfect predictors of
bone strength, and an additional unidentified term had to be
added.

Here, I would like to suggest that not only the amount of
mineral, but also the properties of the mineral, as defined
above, must be considered as factors contributing to bone
mechanical strength. These properties, also referred to as
bone quality’ are generally referred to as intrinsic bone
material properties. One example of how crystal properties
can alter bone strength can be seen in the brittle bones of
animals and people with osteogenesis imperfecta (OI). In OI
not only is the matrix defective, but the crystals are abnor-
mally small, have abnormal compositions, and may be found
outside the collagen matrix®. To validate the hypothesis that
mineral properties as well as mineral content affect bone
mechanical properties it will be critical to know both the
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mineral and mechanical properties of bones in health and
disease. In this presentation I will review the methods for
determining mineral crystal properties, selecting a few exam-
ples from studies of man and animals, discuss the limitations
of these methods, and indicate how they support the hypoth-
esis that bone mineral crystal properties are important con-
tributors to bone mechanical strength.

Methods for determining bone mineral crystal size and
perfection and orientation have different spatial resolution
and requirements for sample preparation. The “gold stan-
dard” is wide-angle X-ray diffraction (XRD). XRD requires
tissue homogenization, hence the spatial resolution is moot,
however XRD shows the only mineral phase in bone is a
poorly crystalline apatite whose particle size and perfection
(crystallinity) increases with tissue and individual age
throughout most of life”. Diffraction with synchrotron radia-
tion provides similar information but, by contrast, has a spa-
tial resolution of ~7 um, and shows the mineral crystals
adjacent to the Haversian canal are less crystalline than
those distant from the canal®. Small angle X-ray scattering
provides information on crystal volume and orientation, but
assumptions must be made about shape, at approximately
100 um spatial resolution’. Transmission electron
microscopy (TEM) can have nm resolution and combined
with selected area diffraction or dark field analysis can pro-
vide information on crystal phase and crystal orientation, but
to characterize the mineral distribution in a bone hundreds
of sections must be evaluated. Also it is a destructive tech-
nique in that the specimen may not be re-used. Preparation
of bone for TEM requires many precautions to prevent acid
dissolution of mineral crystals, and to prevent matrix inter-
ference'’. When done under these conditions, mineral crys-
tals have been shown to be thin plates, and to have similar
shapes in a variety of species. Scanning electron microscopy
(SEM) also has um spatial resolution, requires the same
nonaqueous tissue preparation, and provides information on
crystal shape and agglomeration''. Tomographic electron
microscopy provides 3-dimensional views of mineral distri-
bution, but less detailed insight into crystal size'?. These
studies using independent techniques show the mineral crys-



tals are aligned with the collagen matrix, but the alignment is
not perfect. Atomic force microscopic studies of isolated
bone crystals give three-dimensional information on crystal
sizes which agree well with information calculated from
XRD" and with earlier suggestions of age-dependent
changes in crystal width but not breadth from electron para-
magnetic resonance'. Most of these methods, however, lack
the spatial resolution needed to describe the distribution of
mineral properties in bone.

Recently, data from spectroscopic methods (IR, Raman,
NMR), coupled with microscopy and image analysis, have
been correlated with XRD studies of model compounds.
These correlations have been applied to the analysis of
human and animal bones at 7-20 um spatial resolution®'>"".
While these techniques do not provide the direct phase iden-
tification given by XRD, the spatial resolution enables test-
ing of hypotheses relating the variation in bone mineral
properties to those in mechanical strength. The advantage of
the IR and Raman microspectroscopy is that they provide
information on mineral amount, crystallinity, and composi-
tion (carbonate and acid phosphate substitutions) and
matrix chemistry (protein, lipids, proteoglycans) in a non-
destructive manner at high spatial resolution.

In general, when processing artifacts are avoided in the
aging healthy animal, it has been shown that crystals become
larger in length and breadth, but not thickness. Most
extreme changes in mineral crystal properties occur during
embryonic development and then in the aging skeleton.
With age crystals become more stoichiometric (fewer substi-
tutions) and more oriented. Changes in carbonate and acid
phosphate contents vary with species and tissue site,
although this may be related to method of data presentation.

Not all diseased bone mineral resembles aging bone min-
eral, although this is the case in most tissues from humans
and animal models of osteoporosis and osteomalacia, but
certainly not osteopetrosis' or hypophosphatemic rickets'.
Gender, nutrition, genetics, and environmental factors also
affect bone mineral properties. Nonetheless supporting the
underlying hypothesis, in most cases where mechanical prop-
erties have been correlated with mineral properties™!!!¢*%,
the hypothesis is validated.

For example, a study of growth hormone effects in the
dwarf rat® mineral density was most highly correlated with
longitudinal and shear modulus, mineral crystal width and
porosity correlated best with Poisson’s ratio. In a rat model
of osteoporosis, the antiresorptive drug tiludronate was
shown to increase bone mineral content, mechanical
strength, and width of crystals as measured by XRD'.
Correlating mechanical data from four-point bending tests
with micro Raman analysis of bone mineral properties
showed that the age-related increase in crystallinity was asso-
ciated with decreased deformation to failure, i.e., increased
brittleness'. In contrast, the increased crystallinity following
fluoridation of 10-week-old bones was associated with
increased deformation, i.e., increased ductility, perhaps due
to the altered mineral composition’. In several transgenic
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mice models to be discussed, altered torsional bone strength
has been related to changes in mineral content, mineral
quality, and matrix properties. It should be noted that
because these mineral properties are not uniformly distrib-
uted within a given bone*?*, correlations might have to be
confirmed by mechanical tests that evaluate strength at spe-
cific sites.

Acknowledgment

Supported by NIH grants DE04141 and AR041325.

References

1. Marcus R, Wong M, Heath H 3rd, Stock JL. Antiresorptive
treatment of postmenopausal osteoporosis: comparison of
study designs and outcomes in large clinical trials with frac-
ture as an endpoint. Endocr Rev 2002; 23:16-37.

2. Veenland JF, Link TM, Konermann W, Meier N, Grashuis
JL, Gelsema ES. Unraveling the role of structure and density
in determining vertebral bone strength. Calcif Tissue Int 1997;
61:474-479.

3. Currey JD. Power law models for the mechanical properties
of cancellous bone. Eng Med 1986; 15:153-154.

4. Schaffler MB, Burr DB. Stiffness of compact bone: effects of
porosity and density. J Biomech 1988; 21:13-16.

5. Kohles SS, Martinez DA. Elastic and physicochemical rela-
tionships within cortical bone. J Biomed Mater Res 2000;
49:479-488.

6. Camacho NP, Hou L, Toledano TR, Ilg WA, Brayton CF,
Raggio CL, Root L, Boskey AL. The material basis for
reduced mechanical properties in oim mice bones. J Bone
Miner Res 1999; 14:264-272.

7. Hanschin RG, Stern WB. X-ray diffraction studies on the lat-
tice perfection of human bone apatite (Crista iliaca). Bone
1995; 16:355S-363S.

8. Rindby A, Voglis P, Engstrom P. Microdiffraction studies of
bone tissues using synchrotron radiation. Biomaterials 1998;
19:2083-2090.

9.  Camacho NP, Rinnerthaler S, Paschalis EP, Mendelsohn R,
Boskey AL, Fratzl P. Complementary information on bone
ultrastructure from scanning small angle X-ray scattering and
Fourier-transform infrared microspectroscopy. Bone 1999;
25:287-293.

10. Kim HM, Rey C, Glimcher MJ. Isolation of calcium-phos-
phate crystals of bone by non-aqueous methods at low tem-
perature. J Bone Miner Res 1995; 10:1589-1601.

11. Rohanizadeh R, LeGeros RZ, Bohic S, Pilet P, Barbier A,
Daculsi G. Ultrastructural properties of bone mineral of con-
trol and tiludronate-treated osteoporotic rat. Calcif Tissue Int
2000; 67:330-336.

12.  Landis WJ. The strength of a calcified tissue depends in part
on the molecular structure and organization of its constituent
mineral crystals in their organic matrix. Bone 1995; 16:533-
544.

13.  Eppell SJ, Tong W, Katz JL, Kuhn L, Glimcher MJ. Shape
and size of isolated bone mineralites measured using atomic
force microscopy. J Orthop Res 2001; 19:1027-1034.

14. Dziedzic-Goclawska A, Emerich J, Grzesik W, Stachowicz W,
Michalik J, Ostrowski K. Differences in the kinetics of the
mineralization process in endochondral and intramembra-

533



A.L. Boskey: Bone mineral properties in aging and disease

15.

16.

17.

18.

19.

534

nous osteogenesis in human fetal development. J Bone Miner
Res 1988; 3:533-539.

Paschalis EP, Betts F, DiCarlo E, Mendelsohn R, Boskey AL.
FTIR microspectroscopic analysis of human iliac crest biop-
sies from untreated osteoporotic bone. Calcif Tissue Int 1997;
61:487-492.

Freeman JJ, Wopenka B, Silva MJ, Pasteris JD. Raman spec-
troscopic detection of changes in bioapatite in mouse femora
as a function of age and in vitro fluoride treatment. Calcif
Tissue Int 2001; 68:156-162.

Mendelsohn R, Paschalis EP, Boskey AL. Infrared spec-
troscopy, microscopy, and microscopic imaging of mineraliz-
ing tissues. spectra-structure correlations from human iliac
crest biopsies. J Biomed Optics 1999; 4:14-21.

Wojtowicz A, Dziedzic-Goclawska A, Kaminski A,
Stachowicz W, Wojtowicz K, Marks SC Jr, Yamauchi M.
Alteration of mineral crystallinity and collagen cross-linking
of bones in osteopetrotic toothless (tl/tl) rats and their
improvement after treatment with colony stimulating factor-1.
Bone 1997; 20:127-132.

Boskey AL, Gilder H, Neufeld E, Ecarot B, Glorieux FH.

20.

21.

22.

23.

24.

Phospholipid changes in the bones of the hypophosphatemic
mouse. Bone 1991; 12:345-351.

Turan B, Bayari S, Balcik C, Severcan F, Akkas N. A biome-
chanical and spectroscopic study of bone from rats with sele-
nium deficiency and toxicity. Biometals 2000; 13:113-121.
Gadaleta SJ, Boskey AL, Paschalis E, Carlson C, Menschik F,
Baldini T, Peterson M, Rimnac CM. A physical, chemical,
and mechanical study of lumbar vertebrae from normal,
ovariectomized, and nandrolone decanoate-treated cynomol-
gus monkeys (Macaca fascicularis). Bone 2000; 27:541-550.
Hogan HA, Groves JA, Sampson HW. Long-term alcohol
consumption in the rat affects femur cross-sectional geometry
and bone tissue material properties. Alcohol Clin Exp Res
1999; 23:1825-1833.

van der Linden JC, Birkenhager-Frenkel DH, Verhaar JA,
Weinans H. Trabecular bone’s mechanical properties are
affected by its non-uniform mineral distribution. J Biomech
2001; 34:1573-1580.

Boivin G, Meunier PJ. The degree of mineralization of bone
tissue measured by computerized quantitative contact micro-
radiography. Calcif Tissue Int 2002; 70:503-511.



