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Correlation of the Microstructural and Mechanical Strength of the Trabecular Bone
- The Primary Compression Trabeculae in Human Femoral Head -
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Department of Mechanical Engineering, Dankook University, Yongin,
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Objectives: Bone mechanical strength is one of the factors to assess for bone fracture risk. Many
researchers try to predict the fracture risk by using morphometry indices, experimental test (Instron) and
a finite element analysis (FEA). The purpose of this study was to evaluate the correlation between the
microstructural property and mechanical strength in the primary compression trabeculae in the human
femoral head.

Methods: Twenty-one human femoral heads were obtained from 11 patients undergoing a totfal hip
replacement and 10 cadavers. Cylindrical frabecular bone samples were cored from the primary
compressive trabecular pattern in the femoral head. The sample size has diameter of 19 mm and a height
of 15mm. All samples were scanned with a micro-CT at a spatial resolution of 21.31 ¢m. Based on the
serial micro-images, the structural properties were directly calculated from ANT software. The mechanical
strength was calculated for the experimental test and the FEA.

Results: The average yield stress and elastic modulus from the FEA and the Instron system were 13.58 i
and 266.81 1k, 13.17 Mk and 288.51 Mk, respectively. Pearson correlations between the morphometry
indices, Tb.Sp, BV, BS/BV, BV/TV, MIL and Tb.N were significantly correlated with the mechanical strength.
Conclusion: This result indicates that significant correlation the mechanical strength and structural
properties can be a useful tool to predict the bone mechanical strength.

Key Words: Bone strength, Microstructural property, Mechanical strength, Finite Element Analysis, Micro-CT

2

EEY: 20091 79 3, AMAK: 20009 7¥ 13%, AMEAEY: 20004 7Y€ 27¢
HQIXIRE: 71ogS, Savleh Faepst 71 A F )
Tel: 031-8005-3520, Fax: 031-8005-3509, E-mail: yekim@dankook.ac.kr
ko] RS 2000dE AR (FTAEE] ANCZ FEIARY] AN Wob PR 7] EATAG0]H (No2009-
0063176), B <] AR HARAAEI BAie| gLl Aglel Slsto] o] oAl 8 (A084120).



= Z4r, Ql, A, vkl 59 AEeE

TFAE o] 9low, 3to] Zefol wel w o FAA
3] Zr4sbH A w] 7}E (bone strength)2] <F

st} 3 A Y (fracture risk)o] Z7}slA =i},
dglAe w BEE Hrbsly] A THE
(BMD, bone mineral density)E Z74slo] wie] oF
(bone mass)2- 24 Hrlsta ot a8} BMD+
=317} R ol whe} wi o] FAAFol AAs] A
A w7t 7hgolA|aL, FHo] A7 Axelle
BolA = 71-& Aslr)ell= A7} giet ol 3t
7N1A& Aslr] S1gh Hzggto s w e F23
EA3 71A1H 7} E (mechanical strength)®] -4 0]
Ag¥lo] gk wle] T24 B4e] BAel: x4
Stsetolsoll o3t 244 HelEHE AlZFo] AL
RaL, W] 7| AA FFEe BAlele hEAIE S ol
&3k Gt We] AL&E A 9l

2000%d NIH Consensus Statementol] 2|3} BMD+=
W AT olE el o 0% AETE gt )
7] wiizell o€k tEo] E4 (bone quality)7hA] 4]
o] o]Fojzo} AE3t of|Z5 & F vt Bt
AeH. FAoll= wie 7z, wAlE, £4%3 9
AlEAd, 2l 77143} o] E3hHrt

A 304 o] FFE|E wo] FA Aol AA ]
st A o] =7t EdtE L, JAH Tt
Al =] Evhgs FHEe]l FokAA Ak
a5 LA (hip joint), X5 (spine) 2 ]
(carpal bone) sollA 4] g Ulo|H, o]=
BAA v &) F7tE AARA w5 A5 =t
T TAE A% ASNAAA v &2 HHHE A
ol3k AAu|ut A7k 10~202 D& 2AHEHY &
gluvtele] 739 2003 & 7o 2 a3 ellA 3,200
A, HFolA 409599 2l EFHAGNA
3,198 %1el] o]2& Aoz =AU, FrhEZel
ot A F4 A= 19 oW 20%7F Adse,
oF 30%+ BFQle] Egoll oAsfok skaL, oF 30%%
o] 24 Ao AU 3 EH. 1 PAS o] F= vl

ZF (femoral head)w= =4} (pelvis)Z} A7AE]o] H
Y 5l AAG FEES FAE SAld AAlE AA
sle Test %S vl viEETole WEET
F8A I A} (avascular necrosis)2} Ethasoll 98k

ki

1

o)

A
4

i Ay
ok

of

g .
S2veke] H 7S <2000 AHEE A
AT A FA7) 7574 B3 A7) 82.44| 2
V3ol whebA oz ARSI AA w g S
Aoz Awsta ey, FrhgFo)| o3 FAL A
SIAAA EAF obgH] Aol F7] wiwel B
g gk 8l Ao g FrhgFe dWete Zlo] ¥
At F3k Yo} skt

< e ATAER T AEE B4 S
A =EE AATE ol &3 BMDY FA, FAA
A& w] 73 (SEM, scanning electron microscope)< ©]-&
3t 3flwdw (trabecular bone)2] 241 FREA 8|1
ZAE w2 (CT, computed tomography), A7)
g4 (MRI, magnetic resonance imaging) 5= °©]&
slod X)W (cortical bone)2] 7 (thickness) & & €l
(geometry) S AlZslo] EAsta ot we] 7]AA
AEE FAE7] Sl AEAQ WH o g uhaxy
E A7) (universal testing machine)"°2} 997 £ A
3] (indentation test)”® 52 o] &3lo] AZo] AA 3
% (loady= 7Vahe Wa, AT olA F3kes
mel Aes T

¢

29 (finite element model)S TH5
she W Sol AgEn Yot

19901l o] % w|AIek52<3 7] (micro-CT)7F &
StEw A sfiwm o] 23 9l 3% Al A o
et A7 W AFAEel sl ks Z13E
2 9let Fel of A sjumel F2E o 20
wm®] 3L 4% (high resolution)Z ZH A7+ ol
oF L0004 G4E B, W A% (mor
phometry index)oll <J&l|A ABFH . HAAH FEA
(quantitative and qualitative analysis)Ol 7}tk sk
micro-CTol] &JaljA] Zeddl 45 o] &3slo] fr3te
484 (FEA, finite element analysis)ol] 2] -8-3}0 24
1A BEe] Aol 7hedt AAe AR 3

B dFolAe Ao tHEE T s o 7] A1F
BES) F2A B4 ABBAZ Foto] Tl o
$3 P TEATE Fhad St ol A
FEAE o] &3 ZAH 7HEAd Wia whsAls
3 A4 o] A8 g

U T



Fig. 2. Acquired of the primary compression trabeculae
in human femoral head.
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Fig. 3. Principal of micro-computed tomography.
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Fig. 4. 2-D micro-images of the primary compression
trabeculae (Lt=Male 47, Rt=Female 75 year).

S ok WAl BE AIZ9 BYzAL EU3
ov), 2o A Aule] CCD Fvletsh EAZ 2F

—_

o (FOV, field of view)< 1024x1024 3}4 (pixels) ©
9o, o2 256 S| A Z (grayscale)E TAIE o] Q)
o} 239 gL 72 AlISG (range: 0.552~0.17)5 A
£3}o] Fig. 49} 742 3l (cross-section image) o]
4 ok 10094 2ol

Table 1. Bone morphometry indices with methods of measurement

Parameters Full name Methods Units Explanation
BS
Parallel plate model: 2/ (ﬁ)
Trabecular
Tb.Th . “m
thickness BS
Cylinder rod model: 4/ (ﬁ)
1
Parallel plate model: (m) — Tb.Th
Trabecular ]
Tb-Sp separation fm
4 v
Cylinder rod model: Th.Thx {[(;)X (ﬁ)] -1}
BV
Parallel plate model: ﬂ
Trabecular TbTh
-1
Tb.N number I,i(i) - (ﬂ) mm
Cylinder rod model: Vi ATV
Tb.Th
BS Bone surface Sphere model: mr* or Square model: w L mm’ r=radius, w=widh,
area L =length
BV Bone volume Cylinder model: T’h or Cube model wLh mm’ w=widh, h=height,
L =length
BS/BV Bone surface. 0 Bone surface area/Bone volume mmz/mm3
volume ratio
= +
BV/TV Bone V?lmne Bone volume / Tissue volume % TV=bone volume
fraction marrow space volume
MIL = =
DA De.gree of - (1 and 3 are minimum and maximum) No unit 0 I sotropy and |
anisotropy MIL; Anisotropy structure
Structure . € is rod-plate volume
12X ————
SMI model index 1+d(e+e”) No-unit ratio
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Fig. 5. 3-D reconstruction images of the primary compression trabeculae (Lt=Male 47, Rt=Female 75

year).
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Fig. 6. Compression test by Instron machine of the primary compression trabeculae.
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Fig. 7. The stress-strain curve by compression test of the primary compression trabeculae.
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(a) Edge detection of 2D trabecular bone

(b) Hexahedron mesh model of trabecular bone

Fig. 8. Reconstruction of finite element model of the primary compression trabeculae.
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Table 2. Distribution of the mean trabecular thickness and separation

0.000 0.043 0.085 0.171 0.341 0.682 1.364
~0.043 (mm) ~0.085 (mm) ~0.171 (mm) ~0.341 (mm) ~0.682 (mm) ~1.364 (mm) ~2.729 (mm)
Tb.Th 12.53 13.90 26.16 44.56 2.87 - -
Tb.Sp 5.84 8.96 10.22 2751 35.86 1141 0.15
Table 3. Bone morphometry of the primary compressive trabecular system
.Th . BV B BS/BV BV/TV Tb.N
Tb Tb.Sp , S3 S/ / DA SMI b
mm mm mm mm 1/mm % 1/mm
Average 0.173 0.395 188.543 2133.531 11.449 28.489 0.359 0.851 1.666
STDEV 0.027 0.140 32.617 321.696 1.616 6.460 0.042 0.328 0.421

Where the STDEV is standard deviation.

2|3 oA T (DA)E 035924 SHHA T2 (iso-
tropic structure)oll 7474 2w, F2 R AR5 (SM)+=

0.851 24 % (plate-like structure)ol] 7}7H e},
2. A8 2lst 7|AN 2=

of 24 A1}
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Fig. 63} Zro] AF
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g 7okl g g3 BAASE Foisle). G
%%ﬂﬂr g4 lﬁ‘% Zb7t 1317 (£4.51) W3}t 288.51
(£122.25) Wao] gt} (Table 4).
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Table 4. Results of the yield stress and elastic modulus
by the Instron and FEA

Instron FEA
oy (MP2) 13.17 (£4.51) 13.58 (£8.72)
E (WP2) 288.51 (£122.25) 266.81 (£144.86)
Strain (%) 5.29 (£2.79)
Tissue Modulus (GP2) 5.17 (£1.69)

a3 BV/TV A5 o3 235 Bk

Pl A5 7+ ARB/AE i, BVellA
Tb.Sp, BS, BS/BV, BV/TV 12| i DAcllA #-<|& 2
g Helogy shg ue ArEd fo3 43
AS Helow BV/TVLS Tb.Sp, BV, BS, BS/BV
2|3 Tb.NellA #2383t AAf{AIE HYozwxn o
& o]9dr}. Tb.SpS BV, BV, BV/TV L&g|3 Tb.N
oAl Al f-23t AARPAE H3lom, BSE Tb.Sp, BY,
BV/TV 2|3 Tb.NellA] §-2Jg AJTAIE By o
=, BS/BVE Tb.Th, BV, BV/TV 12|31 DAA &
o3t ABAATE Ad9len, Tb.NE= Tb.Sp, BV, BS
ae]a BV/TVOllA 23 &3 Al S Hich weidt
DAY Tb.Th, BV 1&|3 BS/BVS} §2J3l AatatA)|
£ B9 o, Tb.The BS/BVE DAL} AA-TAAE K
Ak 2H Y SMIE o w3k elehE] Aot 9
g ABB/AE HolA %Sk

71AIA 7+ =5 3 FEAS} % SAY
A= FEA Z39 oy madt E5AE Y ZIQ 0y s
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Table 5. Bivariate correlations between the microstructural and mechanical strength

Oyrea Oy TbTh  ThSp BV BS BSBV  BV/TV DA SMI  TbN

. Pearson Correlation . 0486* 0361 —0454* 0535 0162  —0561** 0687 0125 -0405 0469*
A Sig. (2-tailed) 0026 0108 0039 0013 0484 0.008 0.001 0588 0068 0032
. Pearson Correlation . 0289 —0522% 0620 0389  —0459%  0549%* 0335 —0257 0357
s Sig. (2-tailed) 0204 0015  0.003 0.082 0.036 0.010 0137 0260 0.112
o Th Pearson Correlation . 0049 0433  —0302  —0914** 0216  —0466* —0270 0368
Sig. (2-tailed) 0834 0050 0.183 0.000 0347 0033 0236 0.101
Tosp Pearson Correlation | 0845+ 0834 0221  —0.822%% 0263 0268 —0.734**
Sig. (2-tailed) 0.000 0.000 0336 0.000 0248 0241 0.000
gy  Peason Correlation . 0.7007%  —0607**  0876** -0440¢ 0074 0570+
Sig. (2-tailed) 0.000 0.004 0.000 0046 0749  0.007
pg  Pearson Correlation | 0.127 0651 0069 0420 Q.771%*
Sig. (2-tailed) 0.583 0.001 0766 0058 0.000

BYBY Pearson Correlation . -0511*  0506* 0382 0033
Sig. (2-tailed) 0.018 0019 0088 0.887
BV/TV Pear.son Oorfelation | 0265 -0.123 0826
Sig. (2-tailed) 0245 059  0.000

Pearson Correlation 0231 0014

DA Sig. (2-tailed) ! 0314 0952
SMI Pearson Correlation —0.015
Sig. (2-tailed) 0.948

Pearson Correlation
Sig. (2-tailed)

1

* Correlation is significant at the 0.05 level (2-tailed), ** Correlation is significant at the 0.01 level (2-tailed).
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<Appendix> Definition of terms

Trabecular thickness (Tb.Th): The thickness of between trabecular structures

Trabecular separation (Tb.Sp): The distance of between edges rather than between mid points

Trabecular number (Tb.N): The number of traversals across a trabecular structure made per unit length on a linear path
through a trabecular bone region

Bone surface area (BS): The area of the trabecular structure

Bone volume (BV): The volume of the trabecular structure

Tissue or total volume (TV): Entire volume of sample

Degree of anisotropy (DA): The ratio between the maximal and the minimal radius of the MIL ellipsoid (Isotropy
structure=0 and anisotropy structure=1)

Structure model index (SMI): An estimation of the plate-rod characteristic of the structure (Ideal plate structure=0, ideal
cylindrical rod structure=3 and ideal spheres structure=4)
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