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Ash Content Modulation of

Torsionally Derived Effective
naac.sanagice | NIAterial Properties in Cortical
e | Mouse Bone

An-Chi Tsou The purpose of this study was to evaluate the effects of isolated alterations in mineral
content on mouse bone torsional properties. The femora and tibiae from 25 eight-week-

Emerson A Taylor old male A/J strain mice were divided into five groups and selectively decalcified from 5%
' to 20%. The right femora were then tested to failure in torsion while the tibiae were ashed

Boriana Mikic to determine final mineral content of the decalcified bones. Contralateral femora were

serially cross-sectioned to determine geometric properties, and effective material proper-
ties were then calculated from the geometric and structural properties of each femoral
pair. We found that the relationship between ash content and effective shear modulus or
maximum effective shear stress could best be characterized through a power law, with an
exponential factor of 6.78R>=0.85) and 4.04(R*>=0.67), respectively. This indicates

that in a murine model, as with other species, small changes in ash content significantly
influence effective material properties. Furthermore, it appears that (in adolescent A/J
strain mice) effective shear modulus is more heavily affected by changes in mineralization
than is maximum effective shear stress when these properties are derived from whole bone
torsional tests to failure[DOI: 10.1115/1.1611513
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Introduction aging in female C57B1/6 mic&egardless of whether properties
cjvere derived from torsional or bending structural tgsksit no
Qfgnificant changes in ash content with age. While BMC clearly

tite), an organic phaséType | collagen with smaller amounts Ofplays a c_ritical_ role in influencing bone material properties, other
other proteing and water; the relative quantities, microscopic atj_ac'éonrsc, rg:;“:ﬁ:;% tr;erewslléeori%ongft;tdlg iga_gfgn content, and col-
chitecture of each, and the macroscopic shape of the whole b(g%%\ 1InKing mp e ’

determine mechanical strength—3]. Numerous transgenic and Ithough It is weII_ established that 'T"“era' content S‘FO“Q'V
knockout mouse models have been created to examine the ingﬁ_rrelates with elastic modulus and ultimate strength, this rela-

ence of specific molecules and matrix constituents on bone qua ‘.C'h'p hgs not been Wel! SIUd.'ed in murine models. Many stud-
[4-6.. A recent paper examining the effects of Growth investigating the relationship between ash content and bone

differentiation factor-5(GDF-5 deficiency on murine femoral strength have relied on naturally occurring variation in mineral

properties noted a 6% lower ash content in mutant bones, wittfgntent in different bones within or even across widely diverse

36% reduction in effective shear modulus when compared wiﬁ?edes[?_lo’lq' Ulnfortunately, it is not certain that mineral
control femord 6]. Interestingly, there was no difference in maxi-content is all that_dn‘fers among these bones. A more CO“trF’”ed
proach would involve alteration of only BMC in otherwise

mum effective shear stress between groups. Little literature exigoP! lent b his has b hiciredi : .
however, relating ash content to torsion-derived effective mater2fiuivalent bones. This has been achiewredivo using a variety
methods, including surgicdll7,18, pharmaceutical]19-21],

roperties to aid with the interpretation of such mutant mou - - ;
brop D & nutritional mean$22—-28, but these methods likely affect im-

data. The contribution of mineral quantity in the determination . A
bone torsional properties is not clear, and it is difficult to detePOrtant hormonal and metabolic processes, thus making it difficult

mine whether the observed differences in ash content fully expldf isolate the effects of BMC alone. A recent study involvieg
the differences in biomechanical behavior. vivo chemical decalcification of cat femora found a correlation

The influence of ash content and related parameters Such_cggffluent of_0.97(_) between percentage decalcification and bend-
bone mineral contentBMC) on other mechanical properties ofind strength, in which a 20% loss of ash content led to a 35% loss
cortical bone has been widely studied. In early papers, Curr8fbending strengtfi26]. To our knowledge, no such studies on
demonstrated a high correlation between ash fraction and breakiigfiné bones have been reported in the literature. Due to the
strength during three-point loading, with an extremely rapid rig8creasing use of transgenic mouse models in studying bone me-
in strength found over a small range of ash valifesd]. Later, he chanics, as well as the use of torsional testing as a common meth-
also demonstrated a strong correlation and roughly cubic relatigtflology [6,26,28,30, establishing the relationship between ash
ship between calcium content and modulus of elasticity in bon€gntent and effective torsionally derived material properties in
from mammals, birds, and reptil¢&0]. By contrast, Brodt et al. murine bones would provide valuable information to assist in the
[11] found significant increases in bone material properties wifAterpretation of data from a variety of mouse models.

Accordingly, we chose to evaluate the effects of alterations in

*Corresponding address: Department of Orthopaedic Surgery, University of\/m'neral Cont_en_t on mouse bone tor5|onal_ properne;._The_rlght
ginia Health Sciences Center, Box 800159, 400 Ray C. Hunt Drive, Charlottesviligmora and tibiae from 25 A/J wild-type mice were divided into
VAL}JQZZ@?QB-Q159-d Telephonei(434) 924-0000, Fax:(434) 243-0290, e-mail: five groups and selectively decalcified with ethylene diamine tet-
tch9n@virginia.edu. H H
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sion January 24, 2003; revision received May 16, 2003. Associate Editor: C. Jacaletermine final mineral content of the decalcified bones. Con-

The factors contributing to long bone strength are incomplet
understood. Bone is composed of a mineral phaseroxyapa-

Journal of Biomechanical Engineering Copyright © 2003 by ASME OCTOBER 2003, Vol. 125 / 1

PROOF COPY 006305JBY



PROOF COPY 006305JBY

70 25
&
X 60 = i
:’ ¥y =0.959x+0.163 20 Group 0: mean ash 64 + 0.56%
£ 50 R?=0.9924 i
2 ) A Y
= & i
§ 40 £

ot

< 30 £ 0 +
< E Group 1: mean ash 59 = 1.9%
= 20 | Group 2: mean ash 56 + 1.8%
5 5 Group 3 mean ash 51+ 1.7%
£ 10 Group 4: mean ash 47 + 1.3%
& b o Il 1

0 . r T T T T i I

0 10 20 30 40 50 60 70 0 0.05 0.10 0.15 0.20 0.25

Twist (rad/mm)

Tibial ash content (%)

Fig. 2 Composite torque versus twist curves for each decalci-

Fig. 1 Tibial versus femoral ash contents. Twelve tibial and o
fication group

femoral pairs were either placed in phosphate buffered saline
or 0.5 M EDTA, pH 7.4 for 4, 12, 24, 48, 72, or 144 hours to obtain
a relationship between femoral ash content and tibial ash con-

tent. This relationship was then used to convert tibial ash con- not decalcified and served as controls. The right tibiae and femora

tents from the primary study to estimated femoral ash contents from groups 1, 2, 3, and 4 were decalcified for 1, 2, 3, and 4

for the femora that were yp fc) torsional testing. hours, respectively, to produce approximately 5%, 10%, 15%, and
20% ash reduction, respectivelgstimates based on the prelimi-

¢ . . nary study. A 0.5M EDTA solution buffered to pH7.4 with
tralateral femora were serially cross-sectioned to determine g?i-

X X . N ; dium hydroxide was used for decalcificatif?6,29. Bones
metric properties, and effective material properties were then cgls o placed in approximately 15 r0—75 ml/g EDTA on an
culated from the geometric and structural properties of ea

femoral pair itator tray at 4°C f_or the appropriate length of tifde 2, 3, or
We found that the relationship between ash content and eff4 hours, then rinsed in 1x phosphate-buffered saliR&S for 48

. h qul . focti h burs. The right tibiae and femora from animals in group 0, al-
tive shear modulus (&) or maximum effective shear stressy,,,qh not decalcified, were similarly rinsed in PBS for 48 hours.

(Tmay) could best be characterized thr20u9h a power law, with &lker treatment, all bones were wrapped in PBS-soaked gauze and
exponential factor of 6.79 for &(R°=0.85) and 4.04 for gigred in sealed plastic bags-a70°C for a period not exceeding

Tmax(R°=0.67). This indicates that in a murine model, as eXsjx months. All bones were then thawed at room temperature at
pected, small changes in ash content significantly influence effege appropriate time for testing.

tive material properties. Furthermore, it appears that effective

shear modulus is more heavily affected by changes in ash contendtructural Properties.  The decalcified right femur from each
than is maximum effective shear stress when these properties @pémnal was used for mechanical testing. The proximal and distal
derived from whole bone torsional tests to failure. If a murinone ends were potted in polymethylmethacryld® America
mutation affecting ash content results in significant differences IAc., Alsip, IL) and the gage length measured. Shaft axis was used
one, but not both of these properties, it is likely that other confor alignment during potting using a custom-made jig that clamps
positional and/or microstructural characteristics have likely bedfat mid-diaphysis in place. Throughout mounting and testing,

affected as well. bones were kept moist with PBS solution. Mechanical testing was
performed with angular displacement control at a rate of 1 deg per
Methods second using an electromechanically driven materials testing sys-

tem (Instron Model 55MT1, Instron Corp., Canton, MAvith a

Overview. Twenty-five eight-week-old male A/J strain mice0.225 N-m torque transducémstron Corp., Canton, MA All
were sacrificed using CQnhalation in accordance with appropri-bones were loaded with the distal femur rotated externally with
ate institutional guidelines. From each animal, the intact right amdspect to the proximal femur. Torque and angular displacement
left femora and right tibiae were harvested and cleaned of all sefere recorded throughout testing at a rate of 20 Hz. The following
tissue. Right femora were decalcified varying amounts, then teststelictural parameters were calculated) maximum torque
to failure in torsion to determine structural properties. Left femorr,.); (2) twist to failure, equal to angle to failure-per-gage
were not decalcified and were serially sectioned to determifength (6/L); (3) torsional rigidity (defined as the slope of the
cross-sectional geometric properties. Geometric and structuirgitial linear region of the torque versus twist cuyyvend (4)
properties from each femoral pair were then combined to detemergy to failure. In the non-decalcified bones, failure torque and
mine effective material properties. To determine the exact extanbximum torque were easy to determine and coincided. As ash
of decalcification of each mechanically testeiht) femur, the content decreased, however, torque versus twist curves became
right tibia was decalcified in an identical manner. The ash conteintegular (Fig. 2). For these later specimens, failure torque was
of this tibia was then converted to an estimated ash content for itefined as either the first value at which an obvious drop-off in
femur. (The relationship between tibial and femoral ash contengsructural strength occurred, or the final torque after it decreased
was predetermined in a preliminary study, using 12 matched 50% of the maximum torque recorded. Energy to failure was
tibial-femoral pairs subjected to a broad decalcification regimethen defined as the area under the torque versus twist curve until
This preliminary study demonstrated a linear relationship betweédilure torque was reached.

tibial and femoral ash content and decalcification rated c Sectional G fter b | h
=0.99; femoral asi¥=([0.959x tibial ast®%]+0.163); Fig. ross-Sectional Geometry. After bone length measurement,

1]. This result was then used in the primary study to convert tibimeI Ieftt femur(w(i;i((::h:ad T‘Ot llneen gec_allciiiz)ag/as e?b;dded in
ash content to femoral ash conterih summary, bones from each POlyester resinGC America Incl. Serial 100 um-thick cross-
animal were treated as follows: right femur—decalcification thepEctions were obtained through the bone diaphysis using a circular

torsional analysis; left femur—cross-sectioning and determin.'alti%‘\flamond'blade sawl11-1180 Low Speed Saw, Buehler Ltd.,

of geometric properties; right tibiae—decalcification, then detel z;tnﬁton, 1L. Sdectlpns wire stained W'It.hh"’: von Kossa sl,_taln and
mination of ash content. igitally imaged using a transmission light microscoj&elipse

E600, Nikon USA, Inc., Melville, NY and digital camerdDKC
Decalcification. Each mouse in our study was randomly as5000, Sony Co., JapanSeveral(2—3) sections were chosen for
signed to one of five experimental groué=>5 for each group analysis for each femur, consistently located immediately distal to
subject to a different extent of decalcification. Group 0 bones wettee third trochanter in the mid-diaphysis of the bone. Each image
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Table 1 Geometric, structural and material parameters of A /J mouse femora [mean (SD)]

Decalcification Group

Group 0 Group 1 Group 2 Group 3 Group 4
Number of specimens 4 5 5 5 5
Average ash conteri¢o) 66.0(0.58 60.9(2.0 58.3(1.8 53.5(1.8 48.9(1.4
Geometric parameters
Torsional constantmn) 0.168(0.020 0.168(0.011) 0.164(0.013 0.151(0.017 0.161(0.023
Geometric strength indefmm®) 0.209(0.02)) 0.218(0.016 0.213(0.020 0.196(0.019 0.218(0.016
Structural parameters
Maximum torque(N-mm) 17.8(2.89 7.0(2.0 7.3(1.9 5.7(1.7) 3.9(0.9
Twist to maximum torquérad/mm) 0.033(0.009 0.064(0.029 0.079(0.04) 0.283(0.289 0.239(0.206
Torsional rigidity (N-mm?/rad) 581 (132 285(67) 211 (54) 140 (57) 61 (32
Energy to failure(N-rad) 0.300(0.05 0.301(0.13 0.319(0.12 0.570(0.48 0.529(0.33
Effective material parameters
Maximum effective shear stre$s1Pa) 86 (16) 32 (10 34 (7) 29 (7) 18 (1)
Effective shear moduluéviPa) 3455 (695 1692(332 1280(291) 909 (290 371(14)

was then analyzed using the program VA-TWi30] to determine Geometric Properties. As expected, no significant difference
relevant mid-diaphyseal geometric properties, including torsionial any of the examined geometric properties was found. All
constantK) and geometric strength index. This software uses tfiemora used had similar cross-sectional area, torsional constant,
digitized outlines of a cross-section to solve for torsional geomeind geometric strength indgXable 1.

ric properties. The geometric strength index is calculated as . .
prop 9 g Structural Properties. The mean results of torsional tests to

1/ , where is the normalized geometric maximum, . > .
(L/7nom) Fnorm 9 allure for each decalcification group are shown in Table 1. Coef-

shear stress and is dependent only on the geometry of the crc{ e
section. The geometric strength index is analogous to the sect Igients of determination between ash content and the structural

Brpperties were all greater than 0.5, with the exception of ash

content versus energy absorbed to fail(fFeg. 3). Notably, coef-

ficients of determination of 0.83 and 0.68 were observed between
Effective Material Properties. Assuming similar geometry ash fraction versus torsional rigidity and maximum torque, respec-

for each femoral pair, we combined the geometric properties fratively, with exponential constants of 7.03 and 4.05.

the left femur with the structural data of the right femur to calcu- . . . .

late two effective material properties: maximum effective shear Effective Material Properties. Calculated material proper-

stress f...,) and effective shear modulus (. For each pair, the les for _each group are also shown in Table 1 The relatlonshlp_s

geometric properties used were those from the section with g maximum effect_lve shear stress gnd effective shear modulus fit

smallest geometric strength indeke., the presumed fracture @ POWer curve with an exponential constant ot404 (R

sitd. Maximum effective shear stress was calculated as0-67; Fig. 4 and b=6.79 (R=0.85; Fig. 5, respectively.

Tmad Torms Wherer,,,, was determined as previously described.

Effective shear modulugG) was calculated as torsional rigidity Discussion

divided by the torsional constafi) [30]. The objective of this study was to describe the relationship

Ash Content. To determine the astminera) content of the be;ween ashl content and th.e effective strgctural and matgrial prop-
tibiae after decalcification, dry mass was obtained after defatti§ties of murine femora derived from torsional tests to failure. We
in acetone for 72 hours, air-drying for 24 hours, and drying for und that the relationships for torsional rigidity and maximum
hours at 60°C. The bone was then heated at 600°C for 18 hodf§due were best fit by a power curve, with respective exponential
after which the ash mass was obtained. Ash corf@twas cal- constants of 7.03 (R=0.83) and 4.05 (R=0.68). Similarly, the
culated ag(ash mass/dry maps100]. relationships for the examined effective material properties also

) were best fit by a power curve, with exponential constants of

Data Analysis. A plot of ash content versus each structurah o4 (R=0.67) for maximum effective shear stress and
property and effective material property was constructed. As e&79 (R=0.85) for effective shear modulus.
pected, a power law formula ¢sa* x"), where y is the dependent ¢ is well known that the mechanical properties of cortical bone
varla_ble, X is the ash content, and a and_ b are derived constagis, related to mineral fractiof—9,13,15,31 Many of these
provided the best fit for each relationship. The cutoff value fagygies, however, involved bones from different species, thereby
statistical significance of the coefficient of determinatiof)(Rr  including bones of differing shapes and functionalities. There is
each individual relationship was chosen asQp05. Because the sjgnificant heterogeneity in the structural properties of demineral-
primary aim of this study was to quantify the relationship betwegged bone from different sites within the same animal and of bones
ash fraction and structural and effective material properties, th®m different species of anima[82]. A recent study used only
only ANOVA performed was on the calculated geometric paranhemically decalcified cat femora but tested the bones in bending
eters to guarantee that each group was of comparable cragsts[26], and, in fact, most studies of this relationship have
sectional geometry. For these geometric comparisons, a one-fag@sjuated the effects of mineralization on bending strength. These
ANOVA was performed with Group as the independent variablegsylts are not necessarily applicable to the torsional tests used in
and a cutoff value of 0.05 was chosen for statistical signifi-oyrs and others’ studies. Because transgenic murine models are
cance. AII_ statistical analyses were performed using StatView Sritreasingly used to examine bone mechanical properties, and be-
(SAS Institute Inc., Cary, NC cause torsional tests are commonly used for assessing bone me-
chanical properties, a study investigating the relationship of ash
content to torsionally derived murine bone mechanics is valuable
Results for interpreting the results of various models.

One animal was eliminated from Group 0 after one femur was In this study, we decalcified murine bones using EDTA—a ch-
damaged during mechanical testing. All bones from the remainietator that “captures” calcium and effectively removes bone cal-
24 animals were fully tested and included in the analysis. cium and phosphatg31]. Compared with other decalcification

modulus of a circular cross-section and is a geometric indicator
the overall strength of the cross-section.
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Fig. 3 Relationship of ash content to structural properties of mouse femora: (a) maximum torque; (b) twist to failure; (c) torsional

rigidity; and (d) energy to failure

methods(e.g., hydrochloric or formic acidsthere appears to be Previous studies of EDTA decalcification also indicate that
less tissue destruction with EDTA, thereby preserving mechani@DTA does not result in homogeneous decalcification throughout
properties of the collagenous phds6,33-39. In osteonal tis- the cortex. Instead, EDTA treatment leaves a mineralized core of
sues, elastic modulus appears to be correlated with collagen fijdhying thicknesgdepending on immersion timeurrounded by a

orientattL(‘)ndas]c (\j/vell Iai' mi.neraliﬁzatiog fralctitcgﬂlzt]j. Rre(sjurrr]]ably, completely demineralized collagenous lay8t]. This heteroge-
our method of decalcrication attected only the desired Changesdly, s mineral structure may result even when decalcifying

mineral content and did not disrupt collagen fiber architecture, 2 noles as thin as 500m. Given the extremely small size of
EDTA does not appear to disrupt organic matrif28,34. P ' y

mouse femordthe average cortical thickness of sections used for
analysis was slightly less than 2@@n), this effect may have been
100 ’ negligible. Still, removal of the bone ends from each specimen
would have allowed demineralization to occur from both the pe-
riosteal and endosteal surfaces simultaneously. Given the small
size of mouse femora, however, this would make subsequent
mounting for torsional tests exceedingly difficult. It is also impor-
tant to acknowledge that our decalcification procedure is a model
of mineral loss whereas when such differences are observed in
transgenic mice they can also be due to a failure to adequately
gain mineral. These two processes may not be equivalent from the
I standpoint of mineral contributions to cortical bone material and
structural behavior.
Fig. 4 Effect of ash content on maximum effective shear Early studies examining bone cross-sectional geometry often
stress relied on the use of an “equivalent” hollow circular model, with
equal polar moment and cortical area. With such a method, the
derived values will differ somewhat from the directly measured
true values. In this study, we used a progravd-TWIST [30])
that calculates all geometric properties directly from the bone
cross-section, thereby avoiding such approximations. Neverthe-
less, when calculating effective bone material properties with this
model, one still uses only the geometric properties of the mini-
100 mum diaphyseal cross-section and assumes no effect of length-
10 Ash content (%) 100 wise variation in geometry. This can potentially lead to significant
underestimates of bone material properfd. However, in com-
Fig. 5 Effect of ash content on effective shear modulus parisons such as in this study involving bones of similar size and

y =3E-06x"%%7
R?=0.67

stress (MPa)

Maximum effective shear
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S
S
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with relatively little variation in cross-sectional geometry along Orientation, Porosity, Density, and Mineralization on Bone Strength,” J. Bio-

i i i iati h.,22(5), pp. 419-426.
t.he length of the diaphysis, neglecting such variation may havﬁ4] mgrcnandéz) gp J., Beaupre, G. S, Keller, T. S., and Carter, D. R., 2001
little effect [36,37]. ’ ' : : ' , : . ,

- . “Changes in Ash Fraction Influence Bone Strength More Than Changes in
Despite these limitations, our results demonstrate the effect of Bone Volume Fraction,” Trans. OR®7, p. 529.

small differences in ash fraction on the effective material proper45] Yeni, Y. N., Brown, C. U., and Norman, T. L., 1998, “Influence of Bone

ties of murine bone derived from whole bone torsional tests to Compositic_)n and Apparent Density on Fracture Toughness of the Human Fe-

failure. We chose to use a power law to describe our results, . TUrand Tibia” BoneN.Y.), 22(1), pp. 79-84. .

o . - g . %6] Jepsen, K. J., Goldstein, S. A, Kuhn, J. L., Bonadio, J. et al., 1993, “The
because if a linear relationship were used, murine bone wou Brittleness of Murine Cortical Bone: Dependence on Tissue Composition,”
theoretically reach zero torsional strength at an ash content of Trans. BED,24, pp. 666-668.
approximately 45%. Our use of a power law is consistent witlil7] Barengolts, E. I, Gajardo, H. F., Rosol, T. J,, D'Anza, J. J. et al., 1990,
relationships obtained in previous studi@s8,10,14. We found BEofrf]‘thl\jig(‘;rPE’g:Zt(elrlc)’”Sp""l&‘?tﬁ“’g'e“omy Bone Loss in Aged Rats,” J.
Strong correlations _Of ash Con_tent V\_”th all parameters except eﬂL'S] Durbridge, T. C., Morri’s, H. A., Parsons, A. M., Parkinson, I. H. et al., 1990,
ergy absorbed to failuréOther investigators have also found that “Progressive Cancellous Bone Loss in Rats After Adrenalectomy and
the relationship between ash content and energy to failure is less Oophorectomy,” Calcif. Tissue Int47(6), pp. 383-387. _
straightforward than the relationships between ash and the othigfl ZE2E% T 008, & Faomar Bl L s, eries i Ovarecto
biomechanical parametgrs examined Hefle SpeCIfl.Ca”y’ m. our mized Rats: Comparison With Pamidronate and Etidronats in Growing Rats,”
study, a 5% decrease in ash content was associated with a 22% ; pharmacol. Exp. The286(1), pp. 128—135.
decrease in maximum torque, a 41% decrease in torsional rigidito] Osterman, T., Lauren, L., Kuurtamo, P., Hannuniemi, R. et al., 1998, “The
a 22% decrease in maximum effective shear stress, and a 39% Effect of Or_aIIy Adr_niniste_red Clodro?ate on Bone Mineral Density and Bone
decrease in effective shear modulus. These results are of a mag- gfzorgeltg in Ovariectomized Rats,” J. Pharmacol. Exp. THe84(1), pp.
nitude c_onS|stent with earlle_r studies examln'ng bendmg Strengttbl] Swissa-Sivan, A., Statter, M., Brooks, G. A., Azevedo, J. et al., 1992, “Effect
correlating a 2% decrease in ash content with up to a 20% de- "~ of Swimming on Predisolone-Induced Osteoporosis in Elderly Rats,” J. Bone
crease in elastic modulus and 20% decalcification with a 35% loss  Miner. Res. 7(2), pp. 161-169. .
of bending strength7,8,24. More important, however, we dem- [22 %% & e, . Fete, L oo o e Conten: and
onstra.te that in g.enetlcally altered mouse models in whlch signifi- Breaking Force of Femoral Bone ianean“ng Rats,” J. Nu2(11), pp.
cant differences in ash content are detected, both maximum effec- 2928_2031.
tive shear stress and effective shear modulus should be altergzg] Lieuallen, W. G., Weisbrode, S. E., Horst, R. L., and Nagode, L. A., 1990,
with larger effects expected for effective shear modulus. If signifi- “The Effects of Uremia and Dietary Phosphorus on the Bone of Rats,” Bone

cant differences are observed in one but not both of these Propes; ;\/’T'ézgéléflé p%i;ﬁ;gGé M., Yamauchi, M., Coburn, S. P. et al., 1996, “Py-

ties, as in our examination of GDF-5 deficient femg6a, other ridoxine Deficiency Affects Biomechanical Properties of Chick Tibia Bone,”
compositional and/or microstructural characteristics are likely to  Bone(N.Y.), 18(6), pp. 567—-574.
have been affected as well. [25] Pazzaglia, U. E., Zatti, G., Gervaso, P., Gatti, A. et al., 1990, “Experimental

Osteoporosis in the Rat Induced by a Hypocalcific Diet,” Ital. J. Orthop. Trau-
matol., 16(2), pp. 257-265.
References [26] Shah, K. M., Goh, J. C. H., Karunanithy, R., Low, S. L. et al., 1995, “Effect of
[1] Boskey, A. L., Wright, T. M., and Blank, R. D., 1999, “Perspective: Collagen Decalcification on Bone Mineral Content and Bending Strength of Feline Fe-

B ; ,” Calcif. Tissue Int.,.56(1), pp. 78—82.
and Bone Strength,” J. Bone Miner. Re4(3), pp. 330-335. mur Cal : . . .
[2] Burstein, A. H., gika, J. M., Kingsbury, G. H.,pe?nd Klein, L., 1975, “Contri- [27] Reilly, D. T., and Burnstein, A. H., 1974, “The Mechanical Properties of

- ; - ; ; n Cortical Bone,” J. Bone Jt. Surg56A(5), pp. 1001-1022.
bution of Collagen and Mineral to the Elastic-Plastic Properties of Bone,” J. o "
Bone Jt. Surg.Sg7A(7) pp. 956-960. P [28] Mikic, B., van der Meulen, M. C. H., Kingsley, D. M., and Carter, D. R., 1996,

[3] Landis, W. J., 1995, “The Strength of a Calcified Tissue Depends in Part on  Mechanical and Geometric Changes in the Growing Femora of BMP-5 De-

the Molecular Structure and Organization of Its Constituent Mineral Crystal ficient Mice,” Bone (N.Y.), 18, pp. 601-607. )
in Their Organic Matrix,” Bone(N.Y.), 16(5), pp. 533—544. S[29] Jonas, J., Burns, J., Abel, E. W., Cresswell, M. J. et al., 1993, “A Technique
[4] Camacho, N. P, Hou, L., Talya, R. T., llg, W. A. et al., 1999, “The Material for the Tensile Testing of Demineralized Bone,” J. Biome&&(3), pp. 271—
Basis for Reduced Mechanical Propertiesoim Mice Bones,” Bone(N.Y.), 276.
14(2), pp. 287-293. [30] Levenston, M. E., Beaupre, G. S., and van der Meulen, M. C. H., 1994,
[5] Hamrick, M. W., McPherron, A. C., Lovejoy, C. O., and Hudson, J., 2000, “Improved Method for Analysis of Whole Bone Torsion Tests,” J. Bone
“Femoral Morphology and Cross-Sectional Geometry of Adult Myostatin- Miner. Res. 9(9), pp. 1459-1465. )
Deficient Mice,” Bone(N.Y.), 27(3), pp. 343—349. [31] Broz, J. J., Simske, S. J., and Greenberg, A. R., 1995, “Material and Compo-
[6] Mikic, B., Battaglia, T. C., Taylor, E. A., and Clark, R. T., 2002, “The Effect sitional Properties of Selectively Demineralized Cortical Bone,” J. Biomech.,
of Growth/Differentiation Factor-5 Deficiency on Femoral Composition and __ 28(11), pp. 1357-1368.
Mechanical Behavior in Mice,” BonéN.Y.), 30(5), pp. 733—737. [32] Catanese, Ill, J., Iverson, E. P., Ng, R. K., and Keaveny, T. M., 1999, “Het-
[7] Currey, J. D., 1969, “The Mechanical Consequences of Variation in the Min- erogeneity of the Mechanical Properties of Demineralized Bone,” J. Biomech.,
eral Content of Bone,” J. Biomech2(1), pp. 1-11. 32(12), pp. 1365-1369. . .
[8] Currey, J. D., 1969, “The Relationship Between Stiffness and the Mineral33] Charman, J., and Reid, L., 1972, “The Effect of Decalcifying Fluids on the
Content of Bone,” J. Biomech2(1), pp. 477-480. Staining of Epithelial Mucins by Alcian Blue,” Stain Technol7(4), pp.
[9] Currey, J. D., 1975, “The Effect of Strain Rate, Reconstruction and Mineral 173-178. . ) o
Content on Some Mechanical Properties of Bovine Bone,” J. Biom&h),,  [34] Jonsson, R., Tarkowski, A., and Klareskog, L. A., 1986, “Demineralization
pp. 81-86. Procedure for Immunohistopathologic Use: EDTA Treatment Preserves Lym-

[10] Currey, J. D., 1988, “The Effect of Porosity and Mineral Content on the phoid Cell Surface Antigens,” J. Immunol. Metho®8(1), pp. 109-114.
Young's Modulus of Elasticity of Compact Bone,” J. Biomec1(2), pp. [35] Danielsen, C. C., Andreassen, T. T., and Mosekilde, L., 1986, “Mechanical

131-139. Properties of Collagen From Decalcified Rat Femur in Relation to Age and In
[11] Brodt, M. D., Ellis, C. B., and Silva, M. J., 1999, “Growing C57B1/6 Mice Vitro Maturation,” Calcif. Tissue Int.39(2), pp. 69-73.

Increase Whole Bone Mechanical Properties by Increasing Geometric and M&36] Kennedy, J. G., and Carter, D. R., 1985, “Long Bone Torsion: |. Effects of

terial Properties,” J. Bone Miner. Red4(2), pp. 2159-2166. Heterogeneity, Anisotropy and Geometric Irregularity,” J. Biomech. Eng.,

[12] Martin, R. B., and Boardman, D. L., 1993, “The Effects of Collagen Fiber 1072), pp. 183-188.
Orientation, Porosity, Density, and Mineralization on Bovine Cortical Bone[37] Kennedy, J. G., Carter, D. R., and Caler, W. E., 1985, “Long Bone Torsion: II.
Bending Properties,” J. Biomech26(9), pp. 1047-1054. A Combined Experimental and Computational Method for Determining an
[13] Martin, R. B., and Ishida, J., 1989, “The Relative Effects of Collagen Fiber Effective Shear Modulus,” J. Biomech. End.07(2), pp. 189-191.

Journal of Biomechanical Engineering OCTOBER 2003, Vol. 125 / 5

PROOF COPY 006305JBY



