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Bone Strength of the Primary Compression Trabeculae in Human Calcaneus
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Objectives: The accuracy of bone strength can be improved for medically freating osteoporosis by
diagnosing and predicting fracture risk. In this study, we calculated the material properties of calcaneus
bone and evaluated the statistical correlation of the bone mineral density (BMD) with morphometry
indices and bone strength.

Materials & Methods: Twelve cored bone samples were obtained from the primary compressive trabeculae
of human calcaneus. All samples were scanned with a Lunar PIXImus®, and two-dimensional serial section
images were obtained on a x-computed tomography system. A mechanical test was performed with
an Instron universal testing machine and finite element analysis (FEA) to determine material properties and
bone strength.

Results: The material property of the samples was 2.97 GPA. BMD was significantly correlated with bone
strength and morphometric indices except for Tb.Sp, DA, and Tb.N. The statistical relationship between
bone strength and the morphometric indices was significant except for DA.

Conclusions: FEA based on in vivo high resolution serial section images can be used to directly evaluate
bone strength and will be a useful tool in clinical practice for diagnosing osteoporosis and predicting
fracture risk.

Key Words: Bone strength, Finite element analysis, Morphometric indices, BMD, Trabecular bone

ZF(calcaneus) > WX wlg A= 770

Received: November 25, 2010 Revised: December 10, 2010 o] HlRy 2 2 =y ga Atolw
Accepted: December 24, 2010 o ) FellA v 2 mE, Ams grdelw
Corresponding Author: Young Eun Kim, Department of Mechanical (tibia)2} A== Huh(talus)E o]ojA| ] Loz
Engineering, Dankook University, Yongin o . ol .
Tel: +82-31-8005-3520, Fax: +82-31-8005-3509 © vl (navicular bone)t 11 (cuboid) 2 o]} A
E-mail: yekim@dankook.ac.kr 35S Adsles FZRE HolYdrh £ B3 A
P AT 00T HRFUFSUY Awalohilel s B o A Aehe o
AR ALL ol FeE| gL e w9 A& Aol A4 Adslr] wiitol A<

115



Osteoporosis Vol. 9 No. 1 April 2011 pp. 115-125
W ol A el 7HE Bol Whe FEA A B

il
3 7)Fo 2 o F oF 10,0005 WHelFg uhet)
o]l gt }ES A A st WA YZ| e} g% o}

1l
=4 F(primary compression trabeculae)2} o5 91k
= 4-F(primary tensile trabeculae)Z 2| /‘jl:»]oil 3=

o ZEHQY B4 8 Feial de
< Gt ol HH ez HFd skFo] 7t
HAAY Zu g FALAE dHEslgel o3 7

2 M s e

=
o 5 X Bl °‘°M Tomu} 22 m &5
z1

‘:(BMD bone mineral density)« W ZEE <F
Tk vledsly] uf ol Hof A w JAEE o
a1 A Bakat A BAS BAdor e}
& dlZo] Fhseietn Roleigink?

ZF(bone quantity)< = %

= 2]

l-

O

O

o
19 #4902 DXAE oldiel pMDE &
2 sle, ol 7314123.01 4w g

3
3L
=
v
AL

N

Aslo

-

1
o

"U]

of
ot off 1o fo
bropot >
o E:’
R
o E
b J

i

ol

N

N

o,
By
X0, T
i

o
O

o we] Tz 1)
. Mosekilde £°¢]
g&]—g(ﬂuonde)*oa‘ EEA]71 =HA] H
A (vertebral body)2] %7] Tk vzl Bl A
204 " & (volume  density) = 574]’%2& ou] =
Z7He EAARE FE7 % (compressive  strength)=
ta Zagte g w ZEE Frkske vl 3lolAl
HAIE Hagch

=7 (bone quality)®] H7} WS Akt
(CT, computed tomography), &2 Z kgt
(pPQCT, peripheral quantitative CT), JL3|4E
k222 (hrCT, high resolution CT), ©|A|A}7]
2+ #-MRI, micro magnetic resonance imaging), L
| AF G 7 (1-CT) S ol&ste] F25
3laL gle}h. CT, pQCT and hrCTE AHEHS tidt
in vivo =4 0] 7bs3t AR o] JAIRY, F4F FATL

500 m ol&tQl dwwl o] wAlFzE F&s] H7t

r{mﬁ
by @@
o §
[N
ﬁ‘o
iiﬂi
r°PJm
X oo
NI 1)
N
i&ép
Lﬂn

o

b N o o2 of

ofd = o ol

o of

|o oﬁ‘.

116

st JoIAE Xray IF @ HG=] 3Al
o} Aul g BAR7E a7kl dAo s AftHow
AgE 3 ek v HZo AE3ET e w
-MRI= 500 1m o|st2 2ed 7hssto] 44 & A+
of ZEA o] &8 Ao ol dHrt Wil 4CTE A
=9 A7)l wel HGETF 20 pm ofstE Hedo]
Thsste] AMES viATE U Gejet 2Ao] b
3k A"} o}-22] o]l ALl (in vitro) AP E A}
FollAl A H48 S gl el glvk mebd 7
zpAHoz W AEg Frkshedl 9lolA Xray 3]
T3 WG 5o ARLE in vive BF7H= A7
9}\

W] 7}%(bone strength)®] £4 whHo g

| 55 ol&3 Ay
1S 9319 e Aol & L3}o]
Aol 7kt vt E & F deH, ol
A 9 X (fracture risk)E A H b = Q= U
Z o] #H7} v o|t}. ub5a) 5 A]¥ 7] (Instron, univer-
sal testing machine)oll ]38k -4 AZo| 2 A 2F

a2k

& Jhstel 249 W9 ¥

juied

H40] 58 el ARR o
FAQollA 947 A" F e
T

(FEA, finite element analysis)< C

o) oJellA] BoE RS u}EoL 2
S ulSo] AFEAA W FES s
Aoz #gs AE2 ok A oA 3
7} 1el A Aol e el skt
st AZe A= AR Z, EA X (material proper-
ty)oh 7374]2.4_73_(boundary condition) ol wzl el
;A= 7331,]‘_2_ = Ao 9}

ughA] B AdFoAE £F ot olul F 420
AL w7 *E.a: T317] $130A] Instrond} FEAE

o|g3to] T4  BMD, FejsHd A%, el w
BEShS JBUAE T H9heh



Myong-Hyun Baek, et al : Bone Strength of the Primary Compression Trabeculae in Human Calcaneus

Fig. 1. Cutting edge of the top and bottom surface of bone sample by milling machine (Lt) and cored bone sample (Rt)
in the primary compression trabecular bone in human calcaneus.
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Fig. 3. Two-dimensional micro-images of the bone sample (Lt: X-ray transmission image, Middle: sagittal image and Rt:
2D cross-section image). The specific region of interest is defined square and circle.
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Fig. 4. Three-dimensional reconstruction models of the primary compression trabeculae. Morphometric parameters were

calculated from this 3-D models.
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Table 1. BMD and bone morphometry indices of calcaneus trabecular bone

BMD Tb.Th  Tb.Sp BS BV
(gem’) (mm) (mm) (mm’) (mm’)

BS/BV BS/TV BV/TV TBPf  Tb.N
(1/mm)

Gnm @ oM PA iy (1mm)

AVE  0.198 0.314 0.700 3311.677 274.841 12.822

STDEV 0.076  0.086  0.163  509.346 102.764

3.855 31995 1711 0.533 1.073 1.010
0593 11956 0362  0.128 2532 0.165

AVE and STDEV means average and standard deviation. Tb.Th: trabecular thickness, Tb.Sp: trabecular separation, BS:
bone surface, BV: bone volume, BS/BV: surface-to-bone volume ratio, BS/TV: ratio of surface to tissue volume, BV/TV:
bone volume fraction, SMI: structure model index, DA: degree of anisotropy, TBPf: trabecular pattern factor, and Tb.N:

trabecular number.

Fig. 5. Fractured bone after the compression test using Instron
system. The compression test is used to determine
yield stress, yield strain and Young’s modulus.
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Table 2. Mechanical properties of calcaneus trabecular
bone

gy MPa) g (%)
Average  7.951 1.498
STDEV 9390 0.459

E. MPa) E; (MPa)
453.072  2970.963
397.652  1443.210.

0y: yield stress, €,: yield strain, E,: apparent modulus
of elasticity, and E;: tissue modulus of elasticity.
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BV/TV: bone volume fraction
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BV/TVE: element volume fraction
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Fig. 6. Hexahedron mesh models of the primary compression trabeculae in human calcaneus. The element size is 84 m.

10.0 (ANSYS. Inc) £ZE o] & o] & o A%
71 (boundary condition)< A EA) g 7] 9] FEAY
Z713 YA FFeaRHY FEE FEa
Aol MY E(strain) e 2-F3ldrt’ WY EL b
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zkzb 2 gslo] 522 (0, yield stress)T ES T8}
Ak SAFANA A2 B FE WY E(ey, yield
strain) 1.50 (£0.46)%Ro™, H & HYELS
2.59%0] 31, 4 &5 HEFELS 0.93%3ch(Table 2).
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Table 3. Bivariate correlations analysis with BMD, bone morphology and mechanical strength

BMD o, E, TbTh Tb.Sp BV BS BS/BV BV/TV BS/TV DA SMI Tb.N TBPf
Pearson Correlation | 958 942%%  BB3FF —519  951%F  583% —872FF  951%F  582% —547 =713 523 — 085
Sig. (2-tailed) 000 000 .00 084 000 047 000 000 047 066 009 081 000
Pearson Correlation 969%% 85T —673%  978%F  692% —80TFF  978** 690 —-471 —589% 620 —.930%*
% Sig. (2-tailed) 000 .000 016 000 013 002 000 013 122 044 031 000
E Pearson Correlation T8I —64TF 916%F  675%  —I51FF 916%*  674* —459 —.630%  .623* —.896**
‘ Sig. (2-tailed) 003 023 000 016 005 000 016 133 028 030 000
o Th Pearson Correlation =317 903 343 —0958** 903+ 342 -5 370 205 —OlI**
' Sig. (2-tailed) 316 000 276 000 000 276 062 237 523 000
- Pearson Correlation { —.666% —969** 204 —.667% —969** —(079 348 —O919** 456
P Sig. (2-tailed) 018 000 525 018 000 807 268 000 136
BV Pearson Correlation 095%  —849%F 1.000%% .694%F —457 —549 6000 —946
Sig. (2-tailed) 012 000 000 012 135 064 039 000
BS Pearson Correlation =243 —849%* 1000 079 -—506 945 —5%4
Sig. (2-tailed) A7 000 000 806 094 000 073
Pearson Correlation —243 094 5 415 —1T] 914%*
BSBV . 1
Sig. (2-tailed) M7 012 005 180 582 000
Pearson Correlation —.849%* —457 —549 600%  —.946%*
BV/TV 1
Sig. (2-tailed) 000 136 065 039 000
Pearson Correlation 081  -504 953%% —534
BS/TV 1
Sig. (2-tailed) 803 095 000 074
DA Pearson Correlation I 297 —040 586
Sig. (2-tailed) 348 902 46
Pearson Correlation -572 697*
SMI . . 1
Sig. (2-tailed) 052 012
Pearson Correlation —477
To.N . .
Sig. (2-tailed) 116
Pearson Correlation
TBPf 1

Sig. (2-tailed)

* Correlation is significant at the 0.05 level (2-tailed), **

=z

T 0~12 E3= 0ol 77k
tropy structure), L2|3L 1ol 7}/
(anisotropy structure) = £ ¥ T},

el Aot w 7} e9ke] FA A= Th.Th,
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oke] AT/TAIE H o, Thb.Sp, BS/BY, SMI, L]
3 TBPfollA 9Ju] Q& &9 A4IAAAE Bk 1
U DAL EAIA oul& YAl EAx 9 cHTable
3).

=
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Correlation is significant at the 0.01 level (2-tailed).
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Fig. 7. Contour plots of #-FEA calculated principal calculated stress distribution of the primary compression trabeculae
in human calcaneus. The #-FEA is used to determine tissue Young’s modulus.
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&l 4 2+ oll Al FE-model®] 7} 2.4 (element)ol] %] -&-%
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<Appendix> Nomenclature

E,=apparent modulus of elasticity (ZX.7] €A Al5)
E=tissue modulus of elasticity (Z4&F B4 Al)
v=Poisson’s ratio (Zo}% H])
o,=yield stress (&5-5%)

H:

ey=yield strain (&5 E)
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