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Relationship between trabecular strength and three-dimensional architecture in the pig
mandible using microcomputed tomography

Kyung-Hoe Huh, Moo-Soon Park, Won-Jin Yi, Min-Suk Heo, Sam-Sun Lee, Soon-Chul Choi
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ABSTRACT

Purpose : To investigate the relationship between three-dimensional (3D) bone imaging parameters and trabecular
strength in the mandible. »

Materials and Methods : Bone specimens were obtained from the mandibles of five male pigs weighing around
110 kg each. Of those, 43 samples were selected for 3D analysis and measured by micro-computed tomography.
The five morphometric parameters were trabecular thickness (Tb.Th), bone specific surface (BS/BV), percent bone
volume (BV/TV), structure model index (SMI) and degree of anisotropy (DA). Through destructive mechanical
testing, strength parameters were obtained.

Results : BV/TV, SMI, BS/BV, and Tb.Th showed significant correlations with strength parameters. DA did not
show any correlation with the other parameters. In multiple linear regression analysis, BV/TV alone explained 43%
of the variance in Young’s modulus. By stepwise inclusion of SMI, the variance in the Young’s modulus was better
explained up to 52%.

Conclusions : Predicting trabecular strength in the mandible through architectural analysis would be possible.
Further study is needed to establish the tendency and variety of trabecular architecture and strength according to the
locations within the mandible. (Korean J Oral Maxillofac Radiol 2005; 35 : 167-73)
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Auz gojg} 29 334 oA TEE Addez W)
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o] 2 7|AA Zt=9 FefASTA 32 vA =
o sl we AFEo] HdFe] YA AL wjRFo
2= (spine), A= (ilium), ¥ EF (femur), & (radius), 4F
(tibia), &F (calcaneus)S Aoz slglow, FHT 3
9] #}= (mandibular condyle)E A= AF7t 2R
7= 9l 01}, 718 s1erA) (mandibular body)E Ak 2 3l
7 vy =B

webd, & A7 A stEE WA= micro-
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AlHel =H|
Fo odsld (25-305)2 FAIL 10kg HEQ 273
S57) o4 elelaE setze dgled, o A7A
ME FE Aol [ &2 ALY e AR
Micro-cutting and grinding systemgl 300 CP precision
parallel-control EXAKT (Apparatebau GmbH, Norderstedt,
Germany)& ol &3ted, A4A oz BEie TFEHA
A& FaF FYPYF] A Aoz Smm 77
2 et A4 =3 (bone plate)E& I+t (Fig. 1A).
I eREe o $Roz Adste] Bopd Weld Hd
IE =

& zgsie B TARSE Agen, 1 A AL,
Ao, F& FAERA QAL AR Ee] Fol Smm o]
BB Asdsislch stetg W) Tk 9XA A9

9 % 43709 ZAHo| EHHA. ol AEL FA] 10% <
A 94 22 gao] zAHY

A ] Ak AollA 3A] Fo|H F2 FA S 27
= EA& dua s AT HUF e AR
A2 4mme Y& dAg9z 18 F(Fig. 1B), L3 arylic
tap2 H33}led micro-CT (Skyscan-1072, SKYSCAN,
Antwerpen, Belgium) #3-& A3 3}siv}. #od Foll ZAH
58 oy S o 43 A2 fAHNeH, #
g 27L& &3 2ok {AE 80kVp, AAFE 100
HA, I mm GF9]F o (filtration) & o] 8- 32, ZreJA|7H2
3400 mso)gl e, 23.75¢] &&= 34 =7 (pixel size)
= 1151 umge). Axbde] BaE acrylic tap2 o] -3}
)84 (volume of interest, VOI)& AAs}gom, 7 =7
= 3x3x5mm’geh fRe] A oA F4F (rabeculae)
9} Z47} (marrow space)S E2lsl7] 98 ARk (thre-
shold value)& 15002 wAsle o™, 71 micro-CT datad
Slgslel 39 e AT
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Skyscan™ CT-analyzer software S Al-£-8}ed m|A]F2 &
AR £ Eo] BAFEE SAF AR EE-2 percent bone
volume (BV/TV), bone specific surface (BS/BV), trabecular
thickness (Tb.Th), structure model index (SMI), 28] 1.
degree of anisotropy (DA) o|& A Al 712 gt

BV/TVE A8 ) AA voxel Zol|A] binarized solid
subjects7} ApAEHE H]EE AAEREY ol WAEA
Weoll ER3hs FaF2] & nlshy, o d7elA =
Y=g ey 3tez o]4HUS BS/BVZ 444
W 2] binarized solid volumeel] o8t binarized solid surface
9] ¥] (ratio) 2 A= o, o]H& F22| EFA (com-
plexity) & EAAE 43 7|24 4R #o|ot. Tb.Thi=
parallel plate modelel] ZAZ 224 AAbYH o] ohd FAF
(trabeculae) Wol| 4= @2 F(sphere)& HX|AIA 1 H
ARE o] 43t AR WPz FHAS SMIx Z

Fig. 1. A. Illustration of a pig
mandible and sectioning planes.
B. Example of a 5 mm thick bone
specimen. A manually drawn cir-
cle is shown in the trabecular area
on the cutting surface.




AFo 7t 9] =9 (rods-like) -2 T ¥of (plate-
like) ol o= Her} o SHAAE dHFE AERA,
=9k (surface convexity)®] A3} 74 F4F9] trian-
gulated surface® 78 EAgtozn ZAFH? o)A
2l plate, cylinder, 78] 3 sphere:= Z}2}; 0,3,49] SMI 7h&
ZWA A "ok 59 (sotropy)S A WEke & @&
Tz o] YeA guA, 2 eI AA Aol
3 =AA7ke)2t & 4= 9l&=dl, DA (degree of anisotropy) &
mean intercept-length ellipsoidel| 4] ¢} o] w4z H4 ub
739 ¥ (ratio)2 A=Y o] DAt T4F9) general
stereology parameterE-o] BV/TVE A &3lux 71414 7}
% A4S A F2T 2a0T wudw g

4.7 B= =5

FAHY ZAA =g 2A317] $15ke] materials tes-
ting machine (Instron 4456, Instron Corp., Canton, USA)&
©]-2-3}o4 punch shear strength 222 A)3)3}ge}. 273 o 2
mm¢l loading punchd FA|He] AxtdHd| T84, #A1 &
Mo} el sgkshe 9e] Fobel 4502 | mmmin

30

523l o

9] dAT =3I 35S 7183 o (Fig. 2A), o] HA e
A £33 F M (load-deformation curve)S I} L=-
H3T Moz HE] A 71x] F7}t= A ®E (strength parame-
ters), & ZFA1He FH Y7} = (maximum stress), FE7} %
(yield stress), Young’s modulus-& ¢1¢iv} (Fig. 2B).
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A3 AFaHE-A (linear correlation analysis)S 3] A%
o) 334 FuAFEY A A= Abele] BAS 2
slod om, AFA (normality)3} A3 A (linearity)2 3FAFA]

7171 &) 2est A$ HAHAE] 272 ¥ (log transfor-
mation) = Teistgich =3 3%k Bu|H TS Mz
ABBA = 2AVE L

aew, 7 3 FEATE QAR EE AEde 7
A= 7l =E Hrebr] $E o]ES W4 (indepen-
dent or predictor variable) 2 32 EF7}% A %F 245
(outcome or dependent variable)2 3= oA 3 324
(multiple linear regression analysis)S A3} s}t

RE EF BMox= SPSS for Windows (version 12.0,

Fig. 2. Through punch shear

251

201

Load (kgf)

Young’s modulus

Yield stress

strength analysis (A), load-defor-
mation data were obtained. From
the load-deformation curve (B),
three parameters were measured:
maximum stress, yield stress and
Young’s modulus.

Maximum stress

2

w
IS

Deformation (mm)

Table 1. Pearson correlation coefficients between strength and 3-dimensional parameters

Strength parameters

Three-dimensional parameters

MS Ys YM Tb.Th BS/BV BV/TV SMI DA

MS 1 85 % TTTH 255 1 851 777 — 607

Sg;g%‘;ters Ys 1 896 387+ — 416%* 64T+ — 523 -.256

Y™ 1 349% — 442%% 6675 — 6415 —270

Tb.Th 1 — 846%* 707%* 273 -277

- BS/BV i ~ 835% A419%% 195

Three dimensional BV/TV 1 —.581%* —.124

parameters SMI 1 1 25
DA 1

*#: Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed). MS: maximum stress, YS: yield stress, YM: Young’s modulus, Tb.Th: trabecular thickness,
BS/BV: bone specific surface, BV/TV: percent bone volume, SMI: structure model index, DA: degree of anisotropy. The parameters were not log-
transformed because they did not showed better normality and linearity after log-transformation.
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Fig. 3. Relationship between bone
strength and 3D bone parameters
from UCT for the 43 bone speci-
N mens. Plot of Young’s modulus
versus percent bone volume (A) and
structure model index (B) shows a
linear relationship, r=0.667, and r
= —0.641 respectively (p<0.01).
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SPSS Inc., Chicago, USA)7} Al <)o)

2w

7 =s nAFE ARE Aeld] ARENY] A=
Table 13} 7},

A ATHEA A Young’s modulus®} 3E7}x= BV/
TV, SMI, BS/BV, Tb.The}, 28] F7}=E= BV/TV,
SMigh 27 $AR oz feold ARAAE nelch A 7
A It 2AHAZE FoAME Young's modulusy} 3%
ZuAF2 A2EH dAAcR M) ¥ ARRAE
=Ks =1

3R TR A RE FolAe DAV R4t
Zd=et Folsh ARBAF RelA dotor, DAE A
BV/TV, SMI, BS/BV, Tb.Th7} 5.5 ZF7}=9} $-2)3F Arsh
#AE et 53] Young’s modulus, -57F %,
Awel RE AT SAAES BVIVH A4 F0T A
JARAE IRl en (Fig 34), 2 7o) A4
(Pearson correlation coefficient)¥ 0.667, 0.647, 0.494 0} o}
RE A= EAAEL SMIgtE ST AFAR[AE
Bgew (Fig. 3B), 7 Z47+e] AdA4E —0.641, —0.523,
—0.4600] %]t}

BT g

aL
=
s

3L
=

3L

2 AW R T AWeA A7 Qejal

Structure model index

Fig. 4. Examples of 3D reconstruc-
tions of UCT data from bone speci-
mens with high (A) and low (B)
trabecular strength. Note that speci-
men A shows a more plate-like
structure (SMI = 1.01) with a higher
percent bone volume (BV/TV=
48.4%), and specimen B shows a
more rod-like structure (SMI=1.53)
with a lower percent bone volume
(BVITV =25.1%)

Table 2. Enter-method multiple linear regression analysis

Model Standardized

Predictors M t Sig.
1 Beta

(constant) 2.037 .027
Tb.Th —.085 —.423 .675
R’=.611 BS/BV 304 1.230 226
adjusted BV/TV 770 3.614 .001
R%*= 558 SMI -.316 —2.412 .021
DA -.219 —2.017 051

Qutcome variable: Young’s modulus, Tb.Th: trabecular thickness,
BS/BV: bone specific surface, BV/TV: percent bone volume, SMI: struc-
ture model index, DA: degree of anisotropy.

R?: coefficient of determination. The adjusted R?, 0.558 indicates that
about 56% of the variability of Young’s modulus is accounted for by the
model. To compare the relative strength of the various predictors, the
Beta coefficients are shown. BV/TV has the largest Beta coefficjent,
0.770, indicating a one standard deviation increase in BV/TV leads to a
0.770 standard deviation increase in predicted Young’s modulus, with the
other variables held constant.

u| A A AL st 2 Ee] H ol E o] 43 3 A4
o] d&AQl o9 E Fig 4ol RAF3 glEd], YubA]
F7rx7t =& AHo|A BV/TVS Tb.Thi v &3 SMI
2} BS/BVE o] w2 HAAE By

32k FH M TR ABE M2 ARTAZHANME
BV/TV, BS/BV, Tb.Th A}e)g] A##A 7} M=z v$ 7s}

3%
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Table 3. Stepwise-method multiple linear regression analysis

Model Predictors Adjusted R?
1 BV/TV 431
2 BV/TV, SMI 518

Outcome variable : Young’s modulus
BV/TV: percent bone volume, SMI: structure model index

R%: coefficient of determination

This stepwise-method multiple linear regression analysis shows that
BV/TV had the strongest predictability of the strength, and better
prediction could be obtained by the combination of SMI. But the other
parameters were removed from the models by stepping method criteria,
probability-of-F-to-enter <.050, probability-of-F-to-remove = .100

A Yeld o (r>0.7), SMI= BV/TV, BS/BV$} F5x2]
AVBAE ekl W, $U5 DAL BE AuEn
ob2a G-2)A] 9+ ATAAE Holx] akelr)

Young’s modulusE 2442, 3319 Fn|HF2E =
HW 42 3 enter-method g4 3 3] 2ol A, F4
2 AA WF FelA AARHY 28] dd HEo
A= vepie el ZAAS (R-square)= 0.610]%e
o, ERHse 48 2T 44 AYA 4 (djusted R-
square)= 0.560]) ¢t} (Table 2). 2+ 3%} FwjAjFz2] A
Al F7te 7|d =5 JeldlE= beta coefficients:= BV/
TVZ} 7 9k om, 1 v}-8-0] SMIG . 18] 57, stepwise-
method SHEA 3 IAEHAN % 4] BV/TVe] 714 &
71 =g vYepd& A 4 2dsied, BV/TV shigle
2% 0432 AAA LT el o, SMIS] Z3)] o3
HAz e AAASE 0522 Fobd 4 U (Table 3).

FAZL FALSE, FAFY E3te
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S1}A] (anisotropy)

HSA A=rt 71AA 70‘5 52*71"1] "’CP‘] os}% o]
AA 2% Aoz AR FaF AFRE 2 A
vohe 242 W Y 33 A4 W Aol B
¢ (deviation) J =7} F7kxe] © & J3ks )
= AZeed, oz seble
2 27194 477} 27490,
ge nAFE AXEe] AT ] WHY ARAAE
e A 92) DAL B nldFE AEEY $4
Aoz fo)8 ABVAE UeiA @tk o)7L DA
b e AnEHE 24 4% e SYg A=A
& 9ulsly, DAV} o1& A&+ 2] mean intercept
lengthehe i 58 B¢ olgsfe] T dolA
ek Aoz 7SI ek £ O o2 A
£50] N2 ARVAS Holx| Prohu, 1AL 15|
Mzol Hel SRl ujolm, THE o2el ol
NE Nz =AH 7o sg vepd olth 18z, 2
AEE d2% W 5949 AxE Fohlt AL vie
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% 27}=el BAGACD 408 ARVAS BALelE
27e)3, o 57} BVIVe] wl$ 73 ARaAg Jeh
F(r>07), 5 ol5e] 4ol BV/IVE] Az Az
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BVel Al9sRee 4 BRAen Fag + oo
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w9 499 AADAT A, 0] FRE A%
of We AT ZAN Aedze e Qo= Aue

4 3ok
329 FulA| 25 o oA d Bl A, voxel 27

2 A =st miA TR EA0] A o] w|XE Gk
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EiA| stetZe| micro-CT FAto|A F58 3xI Z0jM7FZt =
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