An Experimental Study on the Quantitative
Relation between Mechanical Stimuli and Bone

Formation
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Fig.1. Schema of the rabbit tibiae. In the experiment,
fibulae were excised. Two holes 2mm in diameter were
drilled perpendicular to the tibial axis at an interval of
70mm, 15mm and 85mm from the proximal end of the
tibiae, respectively. A third hole of 3mm in diameter was
drilled halfway between the previous two holes in order to
produce a wide range of strain by utilizing the stress
concentration effect of the hole.

Fig. 2. Radiographs after operation and demonstrable
photograph. Two pins 2mm in diameter were inserted
perpendicular to the tibial axis. A: anteroposterior view.
B: lateral view. C: the rabbit tibia is fixed with two
acryl bars.
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Fig.3. Mechanical stimulator. Photograph (A) and schema
(B) of the stimulator. Two pins are attached to each pin
holder. One holder (left) is fixed while the other holder
cyclically moves parallel to the longitudinal axis of the
tibia so that the distance of movement can be controlled.
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Fig.4. Load-deflection curve of the pin by four-points
bending test. When load of 55N is applied to the pin, tl?e
deflection at the point of 15mm from the center of the pin
is 0.33mm.




TLRIBC & % BHECE T % ERPFR 559

go%—ri}iﬂ%ﬁﬁﬂiﬁ‘/@ﬂ%ﬂ%i h 15mm ONEE L. £0ORE
mﬁwﬁﬁﬁ%%@&ﬁﬂﬂﬁf,lb%ht%&mk&f
rhAREVKEL PUEEEINDI AL TH A, 4 EHFRR
PR, 55N OEHEN E VILEZ b hBE Db
0.33mm TH-7c (F4). Thih RBRHBREFRBAO YO
rhhk V=¥ —REME (£ -~y F LB0I, 2
a—%— LB60, ¥—=v X, KB) CEAIL, 07 -2 4E
LLTF— & =4 — UCAM-10A (FERER, HR) <4 av
pC-9801 (NEC, BR) # AL, EBP R b s &L R
(AE/B) KEEIL T RAHI0.33mm KHEFSh2 L3I0
$EOTRMEMORE LT, WIC—EDME (55N) s1p0b
P& AN

5l LR REE (FARER LTV v) oFRSG
2BOAMUEERREC O F4 5 — 2 KFC1-Cl-11 GeHE
) R L, KB E R Y 2 RIA LT 55N ORIKEE
FEGREL NFNAMBEBC LV X TELLOTAETR
. KHIMEBC L H 5L ORHER 0.5H: DEBET,
55N DEMEMEIC X D9 100 4 strain OFEFBOTHEEL T W
BrEbbnb.

I. HEMRB

FRIOF L FIFE (EF: experimental group) &XFRREF (C
£ : control group) @ 2 Blchitic. EncrhZh 2 BH (E
2,C2), AEB(E4 C4), 6B (ESG CH Oit6HTH
7, SBELEP|ToL L. ThEhERFARE2E, 4
B, 6EEHBIERY AR - b)Y AREIRARS L
BRLI.
EBTCRMESEELIVERB T, 55N O®BEAMMY 0.5
He T1H 1R (1800) RS 2 (K 6). FBEsLisw
Hiteva 2407 7 VVETANERE LY ~POFRTHEE L
k. CETRAOZNIMEYELT, fINBEELF S AEED ¥
Fr-COhTRE L.

V. $EPR0EEME

AR 317 5 BHR % BI85+ 5 fo DT BIKEAR & IER
KEARYER L. BRERCIZEES PO 5> B 3PTOHH
Lic, BREREYI) H LBSEAEIRERI0K L~ v
TEAEL, Y3 v 27 ) 27 2 BHIRE IS, X&) CTHIK
DD% HE BT o7, YA TEBIZEIRE T /e bR
THERTREA T -1, Z OERMSAALED E DL

€ (x10-6)

Hot

5l

_ 1 2 3 4 5 (sec)
Fig.5. Strain on the medial cortical surface of the tibial
shaf‘t. When an axial compressive pulse load of 55N is
applied to rabbit tibia without 3mm hole in vitro, about
100 microstrains are engendered on the surface of the
cortex. Ordinate ; strain, abscissa ; time.
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Fig.6. Set up of the experiment. The rabbit’s tibia 1s
fixed to the stimulator. The amount of load is adjusted
by a computerized laser displacement sensor.
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Fig.7. Diagram of analytical model (A) and loading
condition (B). The model of three dimensional finite
element method is divided into 176 elements with 1346
nodes (A). A compressive load of 55N is applied to the
tibia through the left pin while the other pin is fixed (B).
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This phenomenon is due to stress concentration effect.
engendered in the areas away from the hole (a, e).
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Fig.9. The strain distributions at the hole in the lateral
cortex (A: outer surface, B: inner surface). Open circles
indicate compressive strain and closed circles indicate
tensile strain. The size of the circle indicates the size of
the strain. The compressive strains of 300 to 800
microstrains are engendered in the peripheral area of the
hole paralle]l to the loading axis of the tibia, and the
tensile strains of 300 microstrains are engendered in the
peripheral area of the hole perpendicular to the loading
axis.

Table 1. The mean strains at cross sections

Z (mm) 15 30 40 4 47 48 49 50
Mean strain (u strain) 80 95 103 102 91 97 146 184
Z (mm) 51 52 53 55 60 70 85
Mean strain (g strain) 150 97 95 9%6 99 98 120

Z: distance from the proximal end of the tibia.

Center of the hole is

located at Z=50mm. When compressive axial load of 55 N is applied to
rabbit tibia, high mean compressive strains are engendered at the periphery
of the hole (Z=49, 50, 51). About 100 microstrains are engendered away

from the hole.
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Fig.10. Photographs of the sections perpendicular to the axis of the hole at two weeks after operation. A (H. E. stain, X2.5):
left ; experimental group (group E), right; control group (group C). Large arrow indicates loading direction. B (H. E. stain,
X 50): close-up view of the square area of the photograph (A). Ct; cortex, Ob: osteoblast, Ot ; osteocyte, Wo; woven bone.
Woven bone (small arrows) had been formed around the hole only at the experimental group (E2), while no bone formation was
observed in the control group (C2). The tissue in the center of the hole is granulation.

Fig.1l. Photographs (H. E. stain, X2.5) of the sections perpendicular to the axis of the hole at four weeks after operation.
Left ; experimental group, right; control group. In E4 there were additional bone formation and trabeculation at the periphery
of the hole, especially in the area parallel to the loading axis. In C4, there was only a slight amount of woven bone formed at
the periphery of the hole, but its location was not consistent.
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Fig.12. Photographs (H. E. stain, X2.5) of the sections perpendicular to the axis of the hole at six weeks after operation. Left;
experimental group, right; control group. In EB, the hole was filled with newly formed bone tissue and more mature lamellar
bone had been formed at the area parallel to the loading axis. In C86, although new bone had been formed around the
periphery of the hole with trabeculation, it was much less in amount and not so mature compared with that in EG.

Fig.13. (;MR (upper, X2) and fluorescent photographs (lower, X 2) of cross section at the level of the hole at two weeks after
Operation. Left; experimental group (group E), right : control group (group C). Woven bone had been formed at the periphery
of the hole in group E. Endosteal and periosteal bone formation were also observed. No bone formation was observed in
group C. Newly formed bone was fluorescent with Te.
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Fig.14. CMR (upper, X2) and fluorescent photographs (lower, X2) of cross section at the level of the hole at four weeks after
operation. There was additional bone formation at the periphery of the hole in group E as well as in group C. However the
newly formed bone in group E was more mature with trabeculation.
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Fig15. _CMR (upper, X2) and fluorescent photographs (lower, X2) of cross section at the level of the hole at six weeks after
Operation. The hole was filled with newly formed bone in group E. While new bone had been formed around the periphery of
the hole in group C, it was much less than that in group E. Interestingly, in group C, fluorescent photograph showed many
rings labelled with Tc in the cortex, and CMR showed osteoporosis.
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BTH-To. 0~300x strain DEMOFTADOIA &L 0~300
pstrain DBEEOFRERE LB L O CHICITEBEI
Zbhhichots (F2). Tz kb 0.5Hz @ 300~800

Table 2. Strains and bone formation

No. Section Area I Area I Area I
1 P 1/ 2% 0/ 4 o/ 2
Group E2 2 P 1/ 2 1/ 4 0/ 2
3 P 2/ 2 1/ 4 0/ 2
4 C 3/ 4
5 C 4/ 4
Total n=5 11/14**  2/12%% 0/ 6%®
No. Section Area I Area I . Area N
1 P 0/ 2 0/ 4 0/ 2
Group C2 2 P 0/ 2 0/ 4 0/ 2
3 P 0/ 2 0/ 4 0/ 2
4 C 0/ 4
5 C 0/ 4
Total n=5 0/14 0/12 0/ 6

Area I, the area with compressive strain of 300 to 800
microstrains. Area I, the area with compressive strain
of 0 to 300 microstrains. Area II, the area with tensile
strain of 0 to 300 microstrains. P, perpendicular section
to the axis of the hole; C, cross section of the tibia at
the level of the hole; NS, statistically insignificant.
* number of the area with bone formation/number of
the area where each strain was generated at the hole
** P<0.001 (X? test, Yates' correction)
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(c) (d)

Fig.16. Schema of repair process of a hole which is deduced from the histological results and 3D-FEM. First, new bone is
formed at the area with high compressive strain (b). Compressive strain in the area adjacent to the newly formed bone then
becomes larger due to the stress concentration effect. This stimulates bone formation in this area (c). This process repeats

and finally the newly formed bone fills the hole (d).
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Fig.17. Relationship between strain and bone response.

From the results of this study it is deduced that intermittent

compressive strain of 300 to 800 microstrains stimulates bone formation, that tensile strain of less than 300 microstrains does
not stimulate bone formation, and that compressive strain of 100 to 300 microstrains prevents bone resorption. The response
of bone to compressive strain larger than 1000 microstrains or tensile strain larger than 300 microstrains has not been clarified.
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An Experimental Study on the Quantitative Relation between Mechanical Stimuli and Bone Formatiop
Koichiro Sakai, Department of Orthopedic Surgery, School of Medicine, Kanazawa University, Kanazawa 920—1J, Juzen
Med Soc., 101, 557 — 570 (1992)

Key words mechanical stimulus, bone formation, finite element methog
Abstract

It is well known that bone responds to mechanical stimuli. Little is known, however, about the quantitative relation
between the two. The purpose of this study was to evaluate the quantitative interrelation between bone formation and
mechanical stimuli. A mechanical stimulator was originally developed to generate intermittent cyclic axial loading. The
compressive pulse load of 55 N at 0.5 Hz was applied for one hr per day to the tibiae of thirty rabbits throughout the test peri.
od of up to six weeks. The load was applied through two pins inserted in the tibia. A 3 mm hole was drilled halfway between
the two pins in order to produce a wide range of strain by utilizing the stress concentration effect. Bone formation at this hole
was evaluated histologically using hematoxyline-eosin stain, contact microradiography and tetracycline labelled fluoroscopy,
A three dimensional finite element method was employed to analyze the strain distributions of the tibiae. Compressive strains
of about 100 microstrains were generated away from the hole, and compressive strains less than 800 microstrains and tensile
strains less than 300 microstrains were generated in the peripheral area of the hole. The histology and strain distributions
were compared. In conclusion, an intermittent compressive strain of 300 to 800 microstrains stimulates bone formation. A
compressive strain of less than 300 microstrains and a tensile strain of less than 300 microstrains do not stimulate bone for-
mation, while a compressive strain of 100 to 300 microstrains prevents bone resorption.




