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Mechanical and Physical Properties
of Regenerate Bone of Distraction Osteogenesis

Soo Bong Hahn, M.D., Chong Hyuk Choi, M.D.
and Byeong Mun Park, M.D.

Department of Orthopaedic Surgery, Yonsei University College of Medicine

Distraction osteogenesis techniques have provided more than a clinical treatment of limb length
discrepancies and bone deformities. The nature of this mechanical environment and the characteris-
tics of the regenerate bone are not typical of that found elsewhere in the skeleton. The purposes of
this study were to investigate the physical and mechanical properties of regenerate bone in different
consolidation period (sacrificing at the period of 8, 12, 18, 20, 22, 24, 26 weeks post surgery} and to
find out the relationship between both properties.

Twao ring llizaroy fixators were applied to the right tibia in 7 large, skeletally mature dogs. A sub-
periosteal osteotomy of tibia was performed. Postoperatively, after 7 days of latency period, distrac-
tion was begun. Distraction of 1mm daily, 3 times per day was continued until radiographic evidence
of a 2.5 cm distraction. Sacrifice was at 8, 12, 18, 20, 22, 24, 26 weeks post surgery. Al of the speci-
mens were obtained from regenerate bone and were cutted in the rectangular shape of approximately
8x4x4 mm. Specimens were tested in axial compression and displayed an average modulus of elastic-
ity of 215(sd=184)MPa, an average yield stress of 3.58(sd=2.54)MPa, an average apparent bone den-
sity of 0.399(sd=0.107)g/cc, and an average ash weight density of 0.164{sd=0.084)g/cc. A lincar
regression of ash weight density on apparent density was significant(p<0.009) with R-square=0.52,
and a siope of 0.569. A linear regression of yield stress on modulus of elasticity was
significant{p<0.001) with R-square=0.28, and a slope of 0.007. The radiographic bone densitometry
was performed before sacrifice. The results of densitometry of regenerate bone was osteoporotic
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comparing with those of the opposite tibia which did not be operated in all of the animals. The linear
regressions of mechanical properties on physical properties were significant, only 12-34% of the
variance in mechanical properties could be explained by the physical properties. In conclusion, based
on the observation of the low ash fraction, it would be expected that the relationship between physi-
cal properties and mechanical properties may not be strong. This study suggested that the regenerate
hone was & composite of bone and non-mineralized tissue until 26 weeks of post surgery. For the
more accurate information of material property, testing of real regenerate bone without non-mineral-

ized bone may be necessary.

Key Words: Distraction osteogenesis, Mechanical and physical propertites, Linear regression
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1. 29 2818 A4 (physical properties of

Table 1. Apparent density(B} and ash weight density(A) according to consolidation period after distraction.

Bone density{gfce) Ash weight density{g/cc) A/B ratio
B) (A
g5 0402 +0.097 0.14 + 0.093 0.348
12 % 0,349 +0.054 0111 £ 0018 0.318
16 = 0.399 +0.101 0.15 +0.082 0.377
20 % 0.381 +£0.097 0.162 £ 0.063 (3.425
22 & (.378 = 0.126 0.176 + 0.091 0.465
24 & 0.488 + 0.110 (1.231 + 0.067 0473
26 F 0.464 + 0.041 (.238 + 0.062 0.513
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Fig. 1. The relationship between apparent density and
ash weight density
{linear equation : Y = -0.06 + 0.56 X, R square
= (1.32)

regenerate bone) @ AAF A7t AIjo] w2 e
wela A3l sebg 9ske] F9 apparent den-
ity ash weight density® 2%%lglen, €%
8FARE 4931d o oy sgNZHen, &
F 209 ¥EE 230Ho g BAAA, Zzte 2
& A8 F Fysigon, &5 At e e
#29 HaAs 248 FFsd. apparent
density®t ash weight densitye 7Aao] whelba
#7832l apol7} gi%l ey}, apparent densityel o
 ash weight density®] ¥]& Z3o] Azl A
el gk Fe] Bl 5AHS Zgsied s
Bl, 2 ulE& Al 83 0,348 Y 2654
© 0.5132.8 Ajte] A P45 ZUlEe 270
#E=UAHTable 1), A9F Al Aol #ARle)
RBE JEE2 apparent bone densitye] 98 ash
weight density®l #3837] $34E 238U
H, ozl A oog Ze Aow &2FHY
L0{P0,.008), R square® 0.5293, 71471&
0. 560% cHFig. 1),

2. &= 4984 A4 (mechanical properties of
regenerate bone) @ AGE AL FHuld ujs
vield stresst™ €% 85% 1.66+1, 33MPasiA] 26

Table 2. Yicld stress and modulus of elasticity accord-
ing to consolidation period afier distraction,

Yield stress(MPa)  Modulus of elasticity{(MPa)
85 1.66 + 1.33 58 + 29
12 & 221 + L2 108 + 31
16 & 515 +2.70 115 + 68
20 & 2.24 +0.87 202 +28
225 34 +1.85 401 + 167
24 & 5.84 +2.60 276 + 142
26 & 567 +3.08 534 + 267

Yield stress By Modulus of elasticit
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Fig. 2. The relationship between vield stress and modu-
ius of elasticity
(linear equation 1 Y = 2.08 + 0.007 X, R square
= (1.28)

F¥ 5.67+3.08MPa® Z7ME Ut 1658%e ®
EoME 5.15+2.70MPa, 243 %= 5 84+
2,60MPas] Z2HAE Ho A we Aolg B
e, Avdog NAE AH4Fe] kel 7|7k
A BFE, §58¥9 arle e ¢t E
2ot @4ASE A9 8FF 58+29MPaclA 26
F ZolE 534+26TMPaz Zrisjglon, Ad 22
FF 401+167MPa2 53 E AL ALsine 49
Fo] 7zke] FUFESE 1 gho]l ZvlEe 4A7E
BPcHTable 2). #5833 @yA4e JoaA
E Aoli7] i FAGHN 4y ANy S
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Table 3. Average mechanical and physical properties of regenerated bone

Ave. of bone density{g/cc) 0.399 + 0.107
Ave. of ash weight density(g/cc) 0.164 + 0.084
Ave. of yield stress{MPa) 3,58 + 2.54
Ave. of modulus of elasticity(MPa) 215 + 184
Table 4. Results of bone densitometry(g/cm2)
normal regenrate distal to proximal to R/IN DN PIN
tibia hone distraction distraction
(N) R) D) "
85 0.879 0.351 {.263 0.477 (.399 0,268 0.542
125 0.933 0.310 0.234 0.433 0.332 (1.250 (3.464
165 0.742 {.269 0,173 0.602 0.36 (.235 0.811
223 0.638 0.267 0.157 0.285 0.418 0.246 .446
244 0.662 0.269 0.176 0.857 0.406 {1.296 1.29

R: Bone density of regenerate tibial bone.

N: Bone density of normal tibia at the same location with regenerate opposite tibia.

D: Bone density of distal tibia to regenerate bone.
P: Bone density of proximal tibia to regenerate bone.

Table 5. Linear regression of mechanical properties and physical properties:

{y=ax + b}
¥ X a b p r-square
modulus app dens 647 <27 <0.008 0.12
modulus ash dens 983 60 <0.002 0.22
yield app dens 13 -2.2 <(.001 0.34
yield ash dens 14 0.6 <0.001 0.32

FEgLen], @4AFd U gEgEe AJuas
Al Z1E&rie 0.007, HHEL 2.0892n, R-
square¥ (. 285 cHFig. 2.

3. abdstE 23% ZAHBone densitometry
of bone) : 7rlele] BEFOIA AGF 8, 12, 16,
22, 24%F%d] 8| AYAZ) 5uiele] Aol AN F
A FALE Agstgon, AdE UM 39 A
Ag 89489, 44T 29 3em, 99 3cm¥Hed
A 2U=E 2gssn, Ag4EsE ge 599 F
2 ATNAE FTUEE 38 dxTeR AHE
stalc,

gzl dig AgFe Fdnvle 49 855
0,399, 125%%F 0,332, 165% 0.3622 419% 8
Fo| A 165 Aloldle Bolgt Abolrt BAER] W%t

o}, A 22Fc] 0.418, 24%F°) 0.4062% F%
ol 44 2238 FAcg ULy} FvlE 470
g, A YT 9% 2 g8 FeM e
4% 234 AY 713l #Agle] Ad 9Tl
A Baxrt 295l vl Zad 7o #Esd
o, A4 FUsn A4FE d45%e ¥Ux
2o} Frhg Azie]l {ANUCH EF el of
3 NaE dgye FUsEnle BE A T
of TAIgle]l 0.235914 0.2069] FAE @& 27
& o] AAF 8F FE A4ET f9¥e @xNg
Edxe] Zavt #EEE ¢ F AU Table 3).
4, AP FEigtayg ety 43 du
(relationship of physical and mechanical
properties) : AAF 7|Zte] BAGlO] FHT 2E
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Fig. 3. The relationship between yield stress and appar-
ent density
(linear equation © Y =-2.2 + 13.1 X, R square =
0.34)
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Fig. 4. The relationship between yield stress and ash
weight density
{Hnear equation : Y = 0.69 + 14.6 X, R square =
0.32)

#®e] apparent density®l BdAE 0.399+
0.107g/ce, ash weight densitys 0.164=
0.084g/cc, yield stress¥® 3.58+2 54MPa, €4

Frong
s i0788F Fit

Fig. 5. The relationship between modulus of elasticity
and apparent density
(linear equation : Y = -27 + 647 X, R square =
012
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Fig. 6. The relationship between modulus of elasticity
and ash weight density
{linear equation : Y = 60 + 983 X, R square =
0.22)

AGE 215+184MPagivHTable 4. AAES o
shA 9@ Belety B4 AR #AE doprr] #
slo] AgEA WP e olgslgen, PEEHA
BYALE yate s Aste, ¥E-399% apparent
density® ash weight density® 27} ®l3tsl
i, ©AA% apparent density® ash weight
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density® ztzt wimsigich 2E AY sy
& EAAMes oogld #IHY eV (PO.001-
0.008), R squareg] kol 0.12-0.342A4 <&
e Bolgta AAal 12%-34% %] AudE Ao
2 uehd, A9 & AgEe] Bejgtd 2 9484 o
# e wA e ez AEHAG (Table 5,
Fig. 3,4,5,6).

I &

atx] Hgel Ago] Fdgee] o A4 E¥A
& Adsheld HEFE FHoM HiEe TYEHE
oujals], MME AAAHolnE F7IHA FHE 7
slod AFE Aol TxAe] F4se A& ek
th ol E JE AT YoM Wel gAHe &
o} olE g I o #HEA 71E A8t A
g2 d7se] R e Addelth #3 g o
g Ao Wi dFe o= Fx EEHNSY,
AgFel gz 98 HA A =80

B AgolM HdEFER ]8T e A A4
FH43 v 2d2A A9 S gF AE
282 @ol olgym Jen®® Kuhn 72 7
o] 99 EHFEE ol g3le] el FxAF viaG
Aosts dd & e EaFe AY A3 24
o7 fAbscha sho, YAl AAEe] dE 4
oAl JNE o] 88 Agd AT BAHE Fodslty
I, apparent densitye] ©¥ ash weight densi-
tyel Bl&-e QIztel A$ oF 0.54019, 78 BA¥
0.55¢] ¥l&-& et s E¥ Gong 98
Qizte] A% 0.56, AL A¥ 0.5479) 8l&E TE
E5ii=g

A FzAdM Yehde SAL E324 FAEE
o] B sy F2A sdste] ot A3
gy, walx] Faaeae AL 54§ vhetdt
7] el 4ldel A A" Bz i
material levelolAxe] o] FFajolry, £ &9
apparent density$h ash weight density®l %
o] PHAoln, o]F F2 ash weight densitys
Zuiel 7718 F44% (mineral component) ©l
#AEo] AR, apparent densitys F7]E9
of, 718, B 9 3wy FrEA 5o FAAGE
o] #F o} Atk Waanders 7€ MNE ol &8

AglA, Agel d AP A SM apparent
densityo] % ash weight densitye] 4% 37
WA AAErt Agged vlE wrha shglen,
BF AAFTE op & 8uE Gl 3ol FVA
o] BEE& ojFEA Eilm BEFYAE ERd 7ol
W, & BRHoz P324 (mineralization)©] €
9 2EE e "Hoka siged, oAe AR
apparent densitye]l FFE& vIA, ddEc WL
ash fractionel YehtA vtz B3 #8ich
Carter?t Hayes”& ©|21% ash weight density
9} apparent densitye BAZlA A3 (iner
relationship) & Zedz stgdes, ©12A& min-
eralize® ZA9 ZFFo] "HHolFn BHch
Aronson 7% AMEFIH FAEFe TEUxS D
{calcium) & ZH& ®mola HEE F 119¢4
A ZAFe A Zekvian EaEkg
oh B A¥e] AS AUFAAM apparent density
9} ash weight densitye A8HAE Zv F28
2R n, = FAZ 7Tl FAESFEH
apparent densitys] ™3 ash weight density®]
¥l-g7t 71 e Ao Jehd, WaandersEelu
Carter?t Hayes®t 2 #3908 dvh =% £ 4
ol A9 AAEe] Fxald gig B8 BA4E
Zz33kA] @A, Kuhn FV0 2§ sfejAe]
apparent density] ¥ ash weight density®]
izl FArelA 0.558 vides ¥ Ay, HIER
1829 Aol 1 ¥lgo] (.51328 A H, 119¢
# FEE calciumBFA7F A4 AEHATG
¥ Aronson 59 B2nskE zbe|vt 9i%ich

Sferra BY€ orthofix® °] &% AGUHAA

& & % 135 3y 537 sl dEe
855 AAE FxA g 4Ae FrlA AgS
£ FAEEY} 7 torsiono] WE P=rt @240 o
& A &7de] HFHALE Husigiod, & 4
el AE &3 Azte] AT 55 §R-8HI &Y
A @A77} FrtEE o] RN e, B
23} vl@sle] A2 e glov, PARIEA 39
= 244 ARE vE €% 4FAA A4gEL
FUwrt 73485, apparent density] th¥ ash
weight densitye] ¥ &5 4o} yol, et
W Axe FARct ¥e zes AadeH,
Sferra®el Aztehe 718 99 T80 da2Ap
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Fe) ko] il Ahitd ZA9g B9t

Bell $%¢ #%#2] ash weight densitye ¢
deol ZMESE FadHE 24E& Hdn dha,
oluff ApFeo] digh webtESE AgA TV}
giokn sk, 28y Weaver®t Chalmer'™&
ash weight density®} d%o] FiFe] Hgshy
2% {uitimate compression strength)e] vlale
dEE gEe &, 249 =9 ash densityA
oo g Aol sldtm ARl B2 B
a4 AP Aty ga Aol dfde] vz
99tk Galante 78 #A39 FaFdM appar-
ent density$h ¥ xAlole] d@Ae} sickm ¥
e, McElhaney 5"7% Z239 apparent
densitysh 9} ZEAtele] Aol slest olgel
bt g3 A4 (compressive modulus) 8} appar-
ent densityAloldl= d#Adel dvtm s
Kuhn 7% 74 Q1zte] o dig Ee3 g
et e wlmelal Al B8 oF 80%e13e
Aigel slks Hasle, gi¥Ee} AAEL ash
weight density®h 99 E Aloldl Q3] 3t
3t gl en, Waanders %2 A& o] 43 AaF
o] it Beld © AEQ el g 4%
oA F By Alole] BAE 15-50%e] MR dF
slo] glvka sho], FAET ol WHET WAV o
vha Badtla oA e z3e ¥HEA (non-
homogeneity) ¥ low ash densitysl] @i8led $¢
Hockn sl B dFeide QAT By
Aax et dgel g HYHy] B F
B4 Alelole o] e Ao BAHHoR
Bl iR Aol galek AnE 99l
ow, ¥ 4d¥e g, o AL 12-34%5 7]
WAHer dusod ¢ U ALE VERY,
Waanders 8 A-5dch 28 A4 &9 E B
frt o)A AAEe] FHE vFrEgE 23
o] E3d AdeiolM HEF Falo ofa fdE A
o2 Atass], 53 Waanders 59 A% €% 20
F7pale] FRMTE G Aog 26F7x]e] B
Fog Fag 8 488 vmdd, oL o 9494
& gag Aeg Az

Wikl SR A4 AYEY FUxe FYE
2o} A g B Sse), &% 119¢44
FHwrl Fges sl 89 Aronson 79 B

A Aolrt den, A4E fere FEUnst
7HE BA E3Ee] Ad & 8REE HEE o8
Boe Fdxrt A9 Uagg ¢ 4 dsed,
olAe H4EEEol ey el g4I B
ot A A5 ¥ shA] Ye Ao B 4
Z3-ale] hrolM fuE Aoz ARHUY =9
SR 2657 X9 Fo| Beld e Yo
FEGA @3, 9 PEE 3¥o] g fgolew
ZEHAGR Abase] AAF JdEE HEode 4
% 88 gndon fUAdS e el ¥4
g Ao},

ke HE

B Ao AAgge gl BEA oy B4
& ¥ 26571g) 49 ¥ gvnie Rds
Fhow SNEFHA ggon, Eud gz J899
Exo A0eAE FARc BE LA By, o
g4 EAE Euld B4 olsle] dRyt Mol
7heEle] €F 2657 % A #Eo] ¢ sle
2 @gsie], F9 4dF %A AgEe At
doid wWi7tx] 8578 A& F88] Abgsiol A4
o] 8¢ WA ¥ 4 3§ Ao AREY, g
BEE 4P E Yot Il 2838 dad 9
7R 2] 71t 4% R A¥e BEAE ASEeke
B35 Feo g oleldx A4E A F mineralize
g RENE dyYden Aol dgde of 3
#H5 AR Ee] Bl 9 HH g 9 74
ol WHY AoE ARHE,
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