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Abbreviations : 3D-FEM, three dimensional finite element method ; MPa, Mega Pascal




BB & IR RIRI 669

F 2V E o —2 PCY80L (NEC, HF) K CHnte. ZDE=
2V VIBEC L > TBRAOHES LKA EROH I TH
h, TRIEHIELTAT » 7 7 - 2 DERRMS TS
fodb, RERAFIZEROREN DB LRMER A TOR B 2 E

CChHEY—FICROIENTETS 7. A EREE
LHEOPELR L. M53EEORRORALRTELTH
5.

SHOFRRE 15T OEMERIME, 5ERME, JREO 3
BT, 1B, 258, 4BHYREL, £+ 5PFOER
ok, RBECREBRCHA LY RN LTEMBE I
SEEMIES 1 B 1 B, #EE 49N, B 0.5Hz &M 1
R 2t HEL 52 RELUMIANEE L ¥ 7 ABE
I LIREETy — SO THE L. SRERANESE L ¥
FAEERIE LICRETHENS Y 525, ERIMELEL
Ty - ORTHE L. EREEKRE 1E, 28, 48T
RERHEHL, MARLC BT 5B M % MR 3R L B
7o

PH sS PH BS

a7
Tensile el r - ) — SM
ﬂ load /
i T

v

Compressive
load

H
Rabbit tibia / T ss/ T BS
Circular bone
defect
Movable pin
LC
| U 1 SM
1
Fixed pin
Fig.1. Schema of the rabbit tibia with circular bone defect ] ) i
and pins. Fibula was excised. Two pins (diameter, 2 Fig.3. Photograph (A) and schematic presentation (B) of
mm ; length, 70 mm) were inserted with the intervals of the loading apparatus. Two pins are attached to each pin
70 mm. A circular bone defect of 3 mm in diameter was holder (PH). One table (T) is fixed to a load-cell (LC)
drilled halfway between the two pins. Compressive load while the other moves parallel to the longitudinal axis of
(=) or tensile load (==#=) was applied to the movable the rabbit tibia so that the load can be measured through
pin. the load-cell. SS, slide shifter ; BS, ball screw ; SM,

stepping motor.
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SM Lc
Control
of

loading

—_—___)

Monitoring of loading

Fig. 4. Schema of the self-monitoring experimental apparat-

s us. Loading is adjusted by the feed back system utilizing
Fig.2. Experimental animal in no loading state in a cage. personal computer (PC). RT, rabbit tibia ; MT, movable
The tibia was fixed with external fixator (arrow head) and table; FT, fixed table ; BS, ball screw; SM, stepping

cast (arrow). motor ; LC, load-cell.
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V. hEmmREors

SUTHMBEREMI (three dimensional finite element
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A2 -7 CCDF-1 (BEEH(ER, K#&) THREL, RGB £#
A — F Image Grabber (Neotech, HEF) #H L T—V Fi =
V¥ 2 — & Macintosh Centris650 (7 v 72 v a—%, K
BRI AR, 57 4 v 27V 7+ v =7 Photoshop
(Adobe, Mountain view, California, USA) T —{E{LAUEB % 1T -
o, MFMAFAAEG Y 7 b v =7 ULTIMAGE (GRAF-
TEK, Voisins-Le-Bretonnex, FRANCE) # B\ CHE&HT L,
AARCERINCEOERYHA LY. EURERRMOM
AOoBRCH T2 TRbT I L.

VI, HEEpyhaE & BRRE & DERE

NENFHE - BVRELY RN T O ROHERNR L FL 25
ERVARGOSE LA ER 2R 1, B0 0BV Y
FRIE L, FEBICSEThEAER I BOERE 2 I
Lic. BRENEL, AAOBRIAELT D & SARMALBT
EUBEPHETSETHH, BROE(LH D Tc - EEREMG
®2BEOERIC O EBTEIT 5.

Fig. 5. Photograph of the experiment. The rabbit tibia is
fixed to the stimulator. Intermittent compressive or
tensile axial load of 49 N with 0.5 Hz is applied for an
hour per day.
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EERBALATE 1 BCILEMBI B, SRR, HBEL b
BHRIEA LRI~ 1o, 2 BTIXEMRRIBEE, SEENBHT
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A

Fig. 6. Analytical model of rabit tibia. (A) Elliptical
cylinder model. Analysis was performed by approximating
a part of the rabbit tibia near the circular bone defect to
an elliptical cylinder. F=49 N, L=10 mm, H=4 mm,
D=4 mm, t=1 mm, d=3 mm. (B) Finite-element
subdivision. A quarter of the model is used as an object
of analysis and the direction of nine o’clock is assumed to
be 0° and the direction of twelve o'clock to be 90°. The
distribution of real stress at a border of the circular bone
defect that was generated by the compessive or tensile
load of 49 N along the axial direction was analyzed by
means of 3D-FEM. '
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Fig. 7. Photographs of the sections perpendicular to the
axis of the circular bone defect at two weeks after
operation (hematoxylin-eosin stain, X25). (A) Compression
group. (B) Tension group. (C) Control group. The arrow
indicates loading direction. In both the compression and
tension groups, immature bone formation was observed at
the area parallel to the loading axis, but there was no or
only slight bone formation at the area which was perpend-
icular to the loading axis. In the control group, bone
formation was not observed.

A

Fig.8. Photographs of the sections perpendicular to the
axis of the circular bone defect at four weeks after
operation (hematoxylin-eosin stain, X25). (A) Compression
group. (B) Tension group. (C) Control group. The arrow
indicates loading direction. In both the compression and
tension groups, the immature bone that had been observed
at two weeks after operation had become mature and the
bone formation extended to the center of the circular bone
defect. In the control group, bone formation was observed
but it was immature and was much less in amount than
that of the compression and tension groups.
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Fig.9. Real stress distribution at a border of the circular
bone defect. In high stress area (45°~90°), the real stress
between 2.7 and 10.8 MPa was generated and in low
stress area (0°~45°), the real stress between 0.0 and 4.1
MPa was generated.
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Fig. 10. Comparison of bone formation quantity among
compression, tension and control groups at two weeks
after operation. Quantity of bone formation was expressed
as bone formation area/initial bone defect area ratio. The
quantity of bone formation in both the compression and
tension groups were larger than that in the control group
(*p<0.05, by t-test).
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I. 3D-FEM ([C &3 hPmBBBOTER

MALBCEREAA DRI ORETEH R
49N DM 7XE IR E R £ X R BAICE UePAER Lo
WMEACBI2ERHENOSFH LR TR LY. LEOKEY
LAAERERIENIE GG (45°~907) & BRI AMEL 4
B (0°~45") 1T X4 Lz, 45°~90° DI Ti% 2.7~10.8MPa
BRI (OFHRICEE T 5 & 228.8~915.3ustrain) 234 1,
0°~45" DFFETIZ 0.0~4.1MPa DEYIET (OFRITHE T
% & 0.0~347.5ustrain) 234 U1z,

. EgRRBIFICLZ2BEREOER

B AT AL ST & A\ CRBREAE 2 BB L0 OB THA
A& CERHREY ERRIMEE, 5NN, NREORT

T

Bone formation area / Initial bone defect area

Compression Tension Control

Group

Fig. 11. Comparison of bone formation quantity among
compression, tension and control groups at four weeks
after operation. Quantity of bone formation was expressed
as bone formation area/initial bone defect area ratio. The
quantity of bone formation in both the compression and
tension groups were larger than that in the control group
(*p<0.05, by t-test).
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Fig. 12. Division of the circular bone defect into two areas.
Relatively higher stress was generated in area I than in
area II. Values of real stress generated were between 2.7
and 10.8 MPa in area I and between 0.0 and 4.1 MPa in
area II. :
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T ] TiX 27~108MPa D ERIE N A, FHEK I T
0.0~4.IMPa OEMIENHFELTH D, HBETIXEDHERC
BUTLEZTE b SEHIENE 0.0MPa Th5. Zhick
D NERRME L ARG L D ROTETHRE & OHENTEEC
7ot

ERABE 2 BBV TEHOEE | L8R 1IE L8]
BB LSRR, MNBRECREEEN L > HAERS &
CEEERMBMBTREICERI LD AER BV TE L DE
MREYZD (-BE, p<0.05) (K 134, B, C).

7C

P
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Fig. 13. Comparison of bone formation quantity between areas [ and II in the two-week specimen. (A) Compression group. (B)
Tension group. (C) Control group. The quantity of bone formation in area 1 was larger than that in area II in both the
compression group and the tension group (*p<(0.05, by t-test) whereas there was no significant difference in the controt group.

M v

Fig. 14. Schema of deduced repair process of the circular bone defect under loading condition. (1) Stress concentrates on the
indicated areas of the circular bone defect which are parallel to the loading axis. (I) New bone is formed at the area with
high stress. Stress in the area adjacent to the newly formed bone then becomes larger due to the stress concentration effect.
(II) This stimulates bone formation in this area. (V) This process repeats and finally the newly formed bone fills the defect.

i, newly formed bone; B8, mature bone; B, maturer bone.
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MBI 8O 3 X RN I RR L 0 B
HERETHZLFELNTHHEERTWB, —F, 3EG
TNZDCTIIRIECER DSV, Chamay 5™ 1214 XORE%
Ry, BRGSO X D BEBRORE BSh, BEREICL D
FEERALORICEBEL, FIRIEIC & 2 BHRWE S
LTEEMRBERYBRRTWA., —F, HEHELTITEUL
19514F 1 Maatz® X BN 5% AN TEE BT IRELD
EAXBERBEVERENAZEXTEEL, THRPEET 48
AL, EMSHOE L AELOD ST EIENOE L HEHA
CHEENBREIND EHEE L. BTLY REREEICEH
5D, EfidA\ X5 RER R E L, WThOEB L ERHE
FRELCEBELTVS. ZOLIRERINIMPAT DD
REFEFEIRIENIEEX D88, EFRL HERROERNE
BT ot Z ENREREEZDRD. +DHACHET S
EORBRTIIIERIZS [RRIBE X 5 = & AT e T E I Bt
BEER L.
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Fig. 15. Relationship between bone apposition or resorption
rate and tissue stress stimulus in bone remodeling theory
of Beaupré et al.. The bone apposition and resorption are
equilibrated each other while values of tissue stress
stimulus (¢») are normal, within the range between ¢uasw
and ¢was+w. The normal stress stimulus is called as
attractor state stress stimulus (¢wss). w is a half-width of
the normal stress stimulus range. The bone apposition or
resorption occurs in proportion to difference between the
applied tissue stress stimulus and the normal range of
tissue stress stimulus.
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2.7~108MPa (0" RICHE T 5 & 228.8~015.3ustrain) D
A (B ) A LABHRERERICAE , ThbbERES
DEITFREADCTFRE 52 B L EHEE I 2N
FIBEAER T 5 LV O RRAB LR, —F, IR
ELTVRVWHBETOEMRAE LTV SHL 5 - onifs
ALz —ETe, BHRELABRBCL LTLBETH -7,
TRRADENFBC L ERVCEERTH D, KEROBSKE
FICERBEFER Ll BRBERE B b0 sE L s
no. ERERE4ABOEMRIS IO IBENBETIZ2EIN G
D, LrLERBLLERABR IR T2, SREETIE
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BPELD LT, ETHHEROBER» LA DOMEILE
O HPRE L RIAR TR ERNE Ly BT TV 5 L E 2
bha. Tithd, ¥ TUSEELIEANEFTAHES AL
AT RMALES L VEWRABES. L TZOBHRIC
Lo RN OEHT DI FER & AILTLBLE OER S X
UCHEFOUREBH L, - OHMCEHRAMbS . Tt
DA DO FFALBEN b It B I6 DK & X2t Ule R R E
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Fig. 16. Changes of defect shape on computer simulation in
accordance with the theory of Beaupré et al.. The defect
shape was revealed at intervals of a week. FEach plot
mark represented the border of the defect of each week.
Bone apposition around the upper boundary where the
real stress was considerable could be revealed but at the
right boundary, bone resorption also could be seen. O,
initial; @, 1 week after operation'; /\, 2 weeks after
operation; A, 3 weeks after operation; [, 4 weeks
after operation. '
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FA—ADIERTHI L CARRCHER S, “hy BRI
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DERFIME L BRRE L OERI DB FRIE Beaupré 50
HETRREIOZS 7 0fgEbahsd. TRbbEHRE X
OBRINL, BEAGSZTHRBEC B TRERECS S
EEXD. FLTIhIDBRBEIRELH LI EL
It o e, THIRBIC BT B RIBE dus & DEMIC & HER
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Fig. 17. Relationship between bone apposition or resorption
rate and tissue stress stimulus in generalized bone
modeling theory. Bone apposition of osteoblasts and bone
resorption of osteoclasts are treated separately and
independently in the theory. Bone apposition is affected
constantly by the range named as metabolic influence.
Bone apposition takes the constant value r*, while tissue
stress stimulus (¢) is less than ¢ws+w. Bone apposition
is calculated in proportion to the applied tissue stress
stimulus if it is larger than the normal range of tissue
stress stimulus, ¢was+w. Bone resorption is affected
constantly by the range of metabolic influence. Bone
resorption takes the constant value r~, while tissue stress
stimulus is larger than ¢wsw. Bone resorption is calcula-
ted in proportion to the applied tissue stress stimulus if it
is less than the normal range of tissue stress stimulus,
¢eas-w. Both 1%y and 7y can be changed within the range
of metabolic influence ( ) according to metabolic state.
Total apposition or resorption is the sum of bone apposit-
ion and bone resorption. -+ , bone apposition; e ,
bone resorption; =-——, total apposition or resorption.
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FLVERRELTEY, APERTLERRO 7S 70EE %
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5. Zh & D Beaupré HOEMITAEERIC L BR L+ EHETEE
ThHZENEDLR. L LECKRET5 & HsEoD/)
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Fig. 18. Changes of defect shape on computer simulation in
accordance with the generalized bone modeling theory.
The defect shape was revealed at intervals of a week.
Each plot mark represented the border of the defect of
each week. The metabolic influence was set as r*,=2r",.
Bone apposition around the upper boundary where the
real stress was considerable could be revealed and bone
resorption could not be seen.

O, initial; @, 1 week after operation; A, 2 weeks after
operation; A, 3 weeks after operation; [, 4 weeks after
operation.
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Fig. 19. Predicted distribution of bone apparent density after 32 weeks.

(B) Osteoporosis case (r7y=1.5 r*y=0.15 um/day).

by Singh’s classification in which whole of arched bundle is lost (arrow).
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(A) Normal remodeling case (r/o=r"=0.10 um/day).

Bone apparent density obtained by computer simulation and osteoporosis
schema of grade 3 type by Singh’s classification in which a part of arched bundle is lost (arrow). (C) Osteoporosis case
(r79=2.0 r*,=0.20 pm/day). Bone apparent density obtained by computer simulation and osteoporosis schema of grade 2 type
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Experimental Study of Bone Formation and Mechanical Stimuli and its Theorization Kazuhiro Aoyama,
Department of Orthopaedic Surgery, School of Medicine, Kanazawa University, Kanazawa 920—J. Juzen Med Soc., 104,
668 —679 (1995)

Key words bone formation, compressive stress, tensile stress, three dimensional finite element method, bone
remodeling theory

Abstract

Although it is well known that bone responds to mechanical stimuli, details of this phenomenon are still uncertain. In
order to study the quantitative relationship between bone formation and mechanical stimuli, an experiment using rabbits and
three dimensional finite element analysis was conducted. Two pins (diameter, 2 mm; length, 70 mm) were inserted in the
rabbit tibia 70 mm apart and a circular bone defect (diameter, 3 mm) was made halfway between the two pins. The 3 mm
circular bone defect produced a wide range of stress distribution. Intermittent compressive or tensile axial load of 49 N with
0.5 Hz was applied for an hour per day to the rabbit tibia through the two pins. Bone formation at the circular bone defect
was evaluated histologically. Also, the real stress generated around the circular bone defect was analyzed by three
dimensional finite element method. The histologies of bone formation and the real stress distribution were compared. The
results showed both compressive and tensile stress generated bone formation, and more bone formation was observed in the
higher stress (2.7 to 10.8 MPa) concentrated area than in the lower stress (0.0 to 4.1 MPa) area. It was clarified that
mechanical stimuli related with bone formation. Furthermore we innovated the time-dependent bone remodeling theory
proposed by Beaupré et al.. In our theory, bone formation and resorption were treated as an independent phenomenon, and it
was found that the theory could be widely applied to various kinds of bone metabolism. Bone formation process in the
circular bone defect was calculated by computer simulation applying the theory to this experiment. As the simulation
coincided well with the experimental results, this new mechanical adaptive bone remodeling theory proved to be effective in
expressing various bone metabolic states.



