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Abstract: The mathematical model of the cortical bone tissue adaptive remodeling
recently developed by the authors contains the parameters that allow to take into account
the effects of the individual and age peculiarities on the rate and the character of the
adaptation process. The technique and the results of numerical investigation of the
character and the rate of the bone tissue properties adaptive change are presented in the
given paper. The analysis of the dependence of this adaptive process on the bone cells
activity, bone tissue calcification level, morphological architecture and strength under the
steady load variations has been carried out.
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Introduction

It is well known from the literature that the bone tissue mechanical characteristics are
influenced by the loading history [2, 3, 5, 8, 9, 14]. In response to altered physiological load,
the bone begins to remodel adequately its internal structure. For example, the total hip joint
replacement causes the altered load environments and decreased level of patient motional
activity. Both these facts give rise to the adaptive remodeling of bone architecture and
mechanical characteristics around the implant’s stem. When the elastic modulus is decreased,
the implant’s loosening and reduction of its lifetime are possible. The biomechanical model of
relationship between the magnitude of external bone loading and the bone tissue mechanical
characteristics ought to take into account the patient’s age and individual peculiarities. Such a
model will allow minimize the unfavourable changes in the cortical bone and increase the
implant’s lifetime by its individual fitting. In the given paper we study the possibilities of our
recent model of cortical bone adaptive remodeling to take into account the effects of
individual and age peculiarities on the rate and the character of the adaptive process. The
paper contains an analysis of the dependence of the bone tissue porosity and elastic modulus
on the bone cells activity, the bone tissue calcification level, morphological structure and
strength characteristics.

Materials and methods
The given study employs the model of the cortical bone adaptive remodeling
presented in the recent authors’ paper [23]. The cortical bone is considered as a linear elastic
anisotropic binary composite material. It is assumed that the matrix (the interstitial lamellae)
is reinforced by the hollow cylinder inclusions (the osteons with the central Haversian canals).
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These central osteon’s canals are considered as a cylinder cavities with a zero elastic modulus,
Enav = 0. The presence of lateral canals does not taken into account. The values of the elastic

constants are taken from the experimental study [17].

Let us consider the dependence of the cortical bone mechanical characteristics on the
bone tissue morphological structure. For example, the effective longitudinal elastic modulus
is calculated with the assumption that the contribution of the each phase is proportional to its
volumetric content:

E11 = (Rost = Ahav) Eost +AamElam + AhavEnav: 1)
where &, and E,g, Aam and E,y, are the relative contents and elastic moduli of the

osteons and interstitial lamellae respectively; and i, IS the relative content of the

Haversian canals.

The intermediate lamellae are the remains of osteons that have been destroyed during
the uninterrupted process of bone tissue remodeling [12]. The mechanical characteristics of
the intermediate lamellae differ from the osteon’s characteristics by two main reasons. Firstly,
they have different levels of accumulated fatigue damage, and secondly, the characteristics of
existent osteons and the osteons’ remains that form the intermediate lamellae, are adapted to
different loads. Therefore we suppose:

Ejam = KgEost- ()

We consider that the osteons’ tissue is an isotropic medium with a small volume
fraction (2%) of absolutely rigid spherical inclusions (lacunae with osteocytes) [7, 19], and
the tissue of interstitial lamellae is a medium with cavities (hollow lacunae with the cellular
fragments). Therefore, with the findings of study [6], we have Kg =0.92 for any Poisson’s
ratio.

It is assumed in the present paper that the number of osteons as well as elastic
characteristics of matrix and inclusions are the constant values, and the alteration of the
cortical bone mechanical properties is completely dependent on the radius of the osteon’s
Haversian canal. For the cylindrical form of the Haversian canal we have:

2
Mhay = TN hay 3
where n is the osteons number in 1 mm?, and r,,, is the radius of osteon’s Haversian canal.
The values of A, and A4, are subject to the relationship

Most + Ajam =1, 4)
therefore we obtain from Egs. (1) and (3) the following equation:
dE dr,
d_tl =—2N7 - gy - Eogt CTtaV ®)

According to data of study [16]: A, =0.037, A, =0.460, A, =0.540,
May =0.03 mm, n=13.2.

It is supposed that the deviation of longitudinal strain from some homeostatic value
produces an effect on the volume fraction of active bone cells. Therefore the time derivative
of internal radius of the osteon’s Haversian canal has the equation:

0 Fmin > hav:
Arhay | (Apay +Aca,)
dat — (811~ &hom) "max = Thay = Tmin (6)
€max ~ €min
Thav > Mmax

where a, and a, are the rates of bone apposition / resorption by osteoblasts / osteoclasts;
A, and A are the parts of the bone endosteal surface occupied by osteoblasts / osteoclasts;
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€11 and ey, are the current and the homeostatic values of longitudinal strain; &, Is the

given value of the longitudinal strain under which all the osteoclasts are in active state, and all
the osteoblasts are not active; e, is the given value of the longitudinal strain under which

all the osteoclasts are not active, and all the osteoblasts are in active state; ry,, and ry;, are
the maximum and minimum radii of osteon’s central Haversian canal.
The parameters A, and A, obey the relationship
Ap +Ae <1, (7
and in accord with the data of papers [1, 12, 13] it may be assumed A, =0.94 and 1. =0.06.
It is well known that bone resorption and apposition are the interdependent processes
[2, 12, 21]; we suppose the relation between a,, and a, to be linear:
a, = Kpcayp. (8)
In paper [12] the quantitative methods of investigation of the bone tissue histological

specimens are described, these methods allow to determine the individual parameters of the
bone remodeling. It is stated that the rate of apposition has not any substantial relation to

gender and age; according to morphometric studies a, =0.6+0.7 ?m per day. Rozhinskaya
[13] has been obtain the rate of osteoid sediment a, =1.0+2.0 ?m per day. According to
data by Starichenko et al. [14], the rate of the bone tissue apposition a, =0.5+2.8 ?m per

day, and it is nearly the same for cortical and trabecular bone tissue. In study by Dempster
[21] the following data on the rate of apposition and resorption are presented:
ap =0.06+0.49 ?m per day, and a, =0.89+1.74 ?m per day, i.e. the proportion between

the mean rates of osteoblasts and osteoclasts activity is K. =3.5+14.8.

According to data by Knets [5], the longitudinal compressive stress in the cortical
bone under the normal physiological load is o,y =2 kg/mm? (20 MPa). Hence, with the
experimentally measured longitudinal elastic modulus Elhfm =1872 kg/mm?, the cortical
bone strain is ey, =—0.107 %. As a maximum strain &, We assume the failure tensile
longitudinal strain e, =1.54% [5]. To determine minimum strain ep;, we apply the

relationship that follows from the condition of remodeling absence under npu €11 = €pgp

(A +Kpe Ae) €hom —Ap €
Emin = b bc ¢/ <hom b ©max , (9)
Kbc kc
The Kkinetic equation of internal remodeling may be written in the form
dE
d_tl =—C(e11 —€nom) (10)

where C is the factor of the cortical bone adaptive response on the longitudinal strain
variations; with Egs. (3) and (5) we have:
C= 2n7 - Thay Eost (M + Kpehe)ay .

(11)
€max ~ €min

The described model correlates with the data by Doktorov et al. [3] concerning the
influence of the load decrease / increase on the magnitude of the bone balance during the
remodeling cycle. The equations employed in the model balance do not conflict with the
principles of adaptive changes in the human organism [15].

It may be stated in addition that the presented model allows simulate the changes in
the external femur geometry too. The periosteum and endosteum surfaces are also the bone
parts that respond to the external load alteration. The relationships similar to Eq. (6) are valid
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for the surface remodeling. By considering the femoral diaphysis as a hollow cylinder with
external radius R, and internal radius R;, 6 we can write the equations of the bone
dimensions variations:
dF‘)int _ (7"b + Kbc}‘c)ab (8
= 11

—€ , 12
dt € max — Emin hom) ( )
dR A KpeA
ext _ _( b + Rbe C)ab (811 _ghom) . (13)
dt €max ~ €min

The total area of the osteon’s central Haversian canals in the cortical bone tissue of the
human femoral diaphysis is an order of magnitude greater than the external surface area
(periosteum and endosteum). Consequently, the main mechanism of bone adaptation to the
varying load is the change of the cortical bone internal structure. The adaptive change of the
femur external geometry has been observed in the cases when the external load considerably
differs from the physiological norm for a long time, and the internal adaptive mechanisms
become insufficient to compensate the load change [10].

To study the dynamics of the mechanical characteristics variations in the femoral
cortex, let us consider the bone tissue specimen oriented along the osteon’s axis with the cross
section of 1 mm? Under the normal physiological activity, the dominant load on the human
femoral cortex is the longitudinal compressive load. Therefore we load the model bone tissue
specimen by the longitudinal force that maintains the specimen’s strain between the limits gpin
and emax. The longitudinal strain is determined by Hooke’s law

o1
Eqs
where o4 is the longitudinal stress (the longitudinal force per unit of the specimen cross

section).

It is indicated in the histological studies that the remodeling cycle runs in the volume
of 0.05 mm?® [3] (or 0.05 = 0.1 mm® [13]). The average osteon’s radius is 0.11 mm [1, 17],
hence the length of the remodeling region has to be more than 1.32 mm. According to data by
Dempster [21], the length of the remodeling cone in the cortical bone is 2.5 mm. In the
considered specimen the number of potential regions of remodeling is small (the number of
osteon’s central Haversian canals n is 13.2 per mm?), and the volume of the remodeled bone
substance is comparable with the representative volume. Hence some incorrectness arises in
application of the continuous media model to the remodeled bone. Despite of this fact, the
presented approach allows to consider the femoral cortex as the inhomogeneous continuous
media, and reflects experimentally observed differences of bone tissue porosity and
mechanical characteristics in different parts of the cortical layer.

The set of equations (6), (10), (11) and (14) allows to calculate the variations of the
Haversian canal radius and the effective longitudinal elastic modulus under the longitudinal
strain alteration in the cortical bone. When the load corresponds to with the physiological
norm, the strain &1, is equal to ey, and the bone structure remains unchanged. The external

load increase or decrease causes the deviation of longitudinal strain from its homeostatic
value, and the adaptive mechanisms became activated. The numerical solution of set of
equation (6), (9), (10) was performed by the Euler method with the time increment of 12 days.
It is much higher than described by Starichenko et al. [14] 24-hour, 48-hour and week
rhythms of bone apposition, but this time increment ensures good convergence of the
numerical method.

To examine the adequacy of the used model, we performed a numerical simulation of
the experiment described in study [12]. According to data of this study, the bone loss was
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Fig. 1. The porosity variations under total patient immobilization, with different rate of osteoid forming.

4.2% after 8 months of patient total immobilization. The Fig. 1 shows that such a bone loss
may be described by our model with a,, =1.3 ?m per day.

It is known from the literature [3, 18] that normally about 5% of the cortical bone has
been replaced in a year, with nearly zero balance between bone resorption and apposition. In
this case the volume fraction of the active bone cell has to be 2+4% under the physiological
values of a, and A, . However in our model the volume fraction of the active bone cell is

about 50% under the zero bone balance. This difference may be explained by the following
way. Our model describes the cells’ activity within the regions of adaptive remodeling (even
with zero bone balance). Meanwhile, the integral factor (5% of replaced bone) was calculated
for the whole skeletal cortex, including the unchanged region of bone tissue too. The
experimental verification of the used parameters validity is the volume fraction of active cells
in a child organism (when the active remodeling runs in the all the skeletal bones) is up to
60%.

The model parameters characterize the patient’s individual and age peculiarities and
may be varied within some physiological range. It is necessary to access the effect of each
parameter on the adaptive changes in the bone calculated by the presented model. We has
been investigate the numerical solution dependence on the following parameters:

- the rate of osteoid forming a,

- the osteon’s elastic modulus E .,

- the number of osteons n,
- the osteons-interstitial lamellae elastic moduli ratio K¢,

- the resorption-reposition rates ratio Ky,
— the longitudinal strain &,y .

The cortical bone effective elastic modulus and porosity were calculated. In Table 1
the normal values and variation ranges of the investigated model parameters are presented.

The choice of varied parameters is justified by the experimentally observed individual
and age changes in the cortical bone structure and mechanical characteristics. The limitations
on the radius of osteon’s central Haversian canal are the minimal value observed in
histological studies, and the maximal value equal to the osteon’s radius. The choice of
minimal value is caused by the requirements on the transport of nutritives and the removal of
the bone cells metabolism products. The choice of the central Haversian canal maximal value
is caused by the selected structural model of the cortical bone.
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Table 1. The normal values and the ranges of the model parameters.

Parameter Normal value Range of variations
ay, , 7m per day 1.3 0.3:2.0
Kpe 10 5+15
Eost » kg/mm? 1776 1558+2670
Keg 1.0 0.6+1.4
n, the canals number per 1 13.2 5.2+17.2
mm?
Emax» %0 1.54 1.24+1.84
€hom» %0 -0.107 const
Emin» %0 -2.68 calculate by Eqg. (9)
Max » MM 0.11 const
T, MM 0.01 const
Ap, % 94 const
e, % 6 const

The main age group of patients who are in need of the total hip joint replacement
consists of people older than 50 years. The aim of the surgical intervention is to recover the
supportive function of the extremity, and as far as possible ensure the reliable implant’s
operation up to the end of patient’s life without relapses. The mean length of human life in the
developed countries exceeds 70 years, therefore in the calculations we consider the adaptive
changes in the bone during the time interval more than 20 years. The main complication that
decreases the endoprostesis lifetime is the implant’s aseptic unstableness, and the cause of the
implant’s loosening is decreasing of the bone bearing capacity due to the changes in structure
and mechanical properties of femoral cortex. It is known from experimental studies [20, 22],
that after installation of the hip joint endoprostesis the decrease of longitudinal strains in the
cortical layer of femur along the implant’s stem was observed. Hence all calculation were
performed with 30% bone underloading.

Results and discussion
The results of the calculations are presented in Figs. 1-7. These graphs shows that
under the cortical bone underloading the compensatory increase of porosity is developed, and
as a result the bone mechanical properties became weakened. The investigated model
parameters have different effects on the rate of this process.
The factors a, and K. have similar effects on the dynamics and non-linearity of

adaptive processes in the cortical bone (Figs. 2, 3). The variations of ¢,, in the given range

of magnitudes have not substantial influence on the rate of the porosity increase in the bone
tissue (Fig. 4). The change of the number of osteons per 1 mm? n exerts an exert on the total
increase of bone porosity (Fig. 5), and under n =5.2 osteons per 1 mm? the radius of osteon’s
central Haversian canal runs into its maximum in 18 years. The elastic modulus of osteon’s
material has a significant effect on the rise of the bone tissue porosity (Fig. 6). The increase of
this parameter results in rapid (in 10 years) growth of osteoporosis in the cortical bone.
Assuming that the rise of elastic modulus is concerned with the level of bone tissue
calcification, the given changes may be a cause of brittle failure of the femoral side adjoined
to the prosthesis. In turn, it will cause the loss of implant’s stable fixation that may
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significantly complicate the subsequent treatment of the given joint. The effect of the factor
Kg is inconsiderable, especially within the first 6-12 years (Fig. 7). Under small values of the
parameter K¢ the osteons carry the main load. Therefore the change of radius of the central
Haversian canal effects stronger on the magnitude of strain, and as a result of it the porosity
increases slower. Under large values of the parameter Kg the part of the load carried by

osteons is insignificant, and the normalization of strains requires the more substantial porosity
increase.

Conclusions

In the given paper the recently presented by the authors biomechanical model of
cortical bone tissue adaptive remodeling has been employed. The effects of internal
parameters of the model on the dynamics of changes of the porosity and elastic modulus of
cortical bone tissue in the human femur have been studied. It has been received the qualitative
correspondence between the obtained results and the present knowledge on the influence of
age changes on the bone structure and mechanical characteristics. The present study contains
the estimation of the degree of different parameters’ influence on the rate of adaptive
processes. It has been revealed that the parameters g,,,, n and Kg does not exert a

substantial effect on the numerical solution, therefore the calculations may be performed with
the average statistical values of these parameters. We suppose that the given assumption will
allow to carry out the individual calculations of the predicted time intervals of the implant’s
stable fixation using the standard techniques of determination in vivo the other parameters
without any considerable loss of the solution accuracy.

0,
50 pv A)

45
40
35
30
25
A 20
15
10 7 L
5 =

0 = t, years

IR NN NN NN RN NENRNREANET

o

2 4 6 8 10 12 14 16 18 20 22 24
11 kg/mm?

m

2000

1800

1600

1400

B 1200
1000

800

600 t, years

0 2 4 6 8 10 12 14 16 18 20 22 24

a,, mm/day

\:-i-
N

/1

=== L - - - 10,0003
-~ — —  0,0007
—— 0,0013
— — 10,0020

1

/
Hr
/

~

™~

Fig. 2. The time variations of the porosity (A) and elastic modulus (B) under
different rates of osteoid forming aj,.

57



Russian Journal of Biomechanics, Vol. 6, Ne 2: 51-61, 2002

0
50 p, %

45
40
35
30
25
20
15
10

l—
T - =
27T - T
| -
0 = t, years

L L

o

2 4 6 8 10 12 14 16 18 20 22 24
11> Kg/mm?

m

2000
1800
1600
1400
1200
1000
800
600 t, years
0 2 4 6 8 10 12 14 16 18 20 22 24

S >
~__
N~

g -~
[ — = 15
I~ —

/

Fig. 3. The time variations of the porosity (A) and elastic modulus (B) under
different resorption-reposition rates ratios K.

0
50 p, %

45
40
35
30
25
20
15
10

\\‘
W\
\

i

\
\\
\

0 = t, years

2 4 6 8 10 12 14 16 18 20 22 24
11> Kg/mm?

mo

2000
1800
1600
1400
1200
1000
800
600 t, years
0 2 4 6 8 10 12 14 16 18 20 22 24

max’

~ - - - 124

\?\\

T IT040—= — — 184

1,54

Ll b bbb b b bbb bl

Fig. 4. The time variations of the porosity (A) and elastic modulus (B) under
different values of maximum longitudinal strain g.y.

58



Russian Journal of Biomechanics, Vol. 6, Ne 2: 51-61, 2002

2000
1800
1600
1400
B 1200
1000
800
600

0,
50 P2
45 3
40 4
35 5 S —
30 - - =
25 E /'//’ -
E ~ T +
20 = i -
15 - A -~
= P -
10— £ -
El / P _ -
5 Z ==
0 F—1++ t, years
0 2 4 6 8 10 12 14 16 18 20 22 24
E,., kg/mm?
] n, num/mm2
E\:\\:\‘ - — - 572
] <~ [t 4 - — 92
] e o | —— 132
B — = 172
4 t, years

0 2 4 6 8 10 12 14 16 18 20 22 24

Fig. 5. The time variations of the porosity (A) and elastic modulus (B) under different
osteons number per 1 mm? of the cortical bone cross-section area n.

2600
2400
2200
2000
1800
1600
B 1400
1200
1000
800
600

p, %

1A L -

0 T ‘ T

0 2 4 6 8 10 12 14 16 18 20 22 24

\

N
o

HU‘HH L L
N
\

t, years

E,,. kg/mm?
~ E. kg/mm2
N - — - 1558
N 1776
C \~ 1 — — 2670

LU L] \/\ LU
ya
7

0 2 4 6 8 10 12 14 16 18 20 22 24

t, years

Fig. 6. The time variations of the porosity (A) and elastic modulus (B) under different

values of osteon’s material elastic modulus E.

59



10.

11.

12.

Russian Journal of Biomechanics, Vol. 6, Ne 2: 51-61, 2002

0
50 p, %

45
40
35
30
25
A 20
15
10

\
1

W\
\ \
[

\

Pl

/
-
0 = t, years

L L

0 2 4 6 8 10 12 14 16 18 20 22 24
11> Kg/mm?

m

2000
1800
1600
1400
B 1200
1000
800
600 t, years
0 2 4 6 8 10 12 14 16 18 20 22 24

T - — - 060

\?\ - — — 092

e~ S —_— 1,00

— — 1,40

Ll b b b b b bbb bl

Fig. 7. The time variations of the porosity (A) and elastic modulus (B) under different
osteons-interstitial lamellae elastic moduli ratios K.

References
AHUKWH 1O0.M., KOJIECHWMKOB J1.J1. MocTpoeHue n cBoMCTBa KOCTHbIX CTPYKTYp. M., MMCU,
1992 (in Russian).
OEHVNCOB-HUKONMBCKUM 0., MexaHnambl perynauuu npoLecca pPeMOAenvpoBaHns |
penapaTuBHbI ocTeoreHe3. B c6.. “BuomepguumuHckue TexHomorun”, 5: 5-9. M., 1996 (in
Russian).
OOKTOPOB A.A., NMAK 'BAH YOP Ponb aHaocTa 1 nepuocTa B CTPYKTYPHOW aganTauumn KocTu K
MexaHudeckum Harpyskam. B c¢6.: “BuomeguumHckme TexHonoruu”, 9: 4-10. M., 1998 (in
Russian).
KABOPOHKOB A.A. bBwuonornyeckoe pencrene ¢topa. B c¢6.: “BuomegunumHckue
TexHonoruun”, 9: 59-62. M., 1998 (in Russian).
KHETC W.B. OecdopmupoBaHuMe 1 paspyieHue TBepAbix Ouonornyeckux TkaHen. Pura,
3uHaTHe, 1989.
KPUCTEHCEH P. BBegeHune B MmexaHuKy komno3uTtoB. M., Mup, 1982 (in Russian).
MATBEMYYK W.B. W3yyeHne cuUCTeMbl BHYTPUKOCTHbIX MNPOCTPAHCTB B MO3ULMIA
GuomarepuanoBefeHus 1 ero NpuknagHoe 3HaveHue. B cb.: “BuomMeguumnHCcKne TexHomnormm”,
9: 54-58. M., 1998 (in Russian).
MATBEWYYK W.B., AEHUCOB-HUKOJbCKUM 10.U., OOKTOPOB A.A. UN3yyeHne ocobeHHocTel
MopdboreHesa B YCIOBUSIX UBMEHEHHOW (DYHKLMOHAMNBHOW HArpy3kn 1 ero nNpukragHoe 3HaveHue.
B c6.: “BuomeguumnHckue TexHonorun”, 12: 56-70. M., 1999 (in Russian).
MEPTEH A.A. ®yHKuMOHanbHasi B3auMOCBSi3b KOCTHOW U MbIlWeYyHOM cucTtem. Pura:
3nHaTHe, 1986 (in Russian).
HUKNTIOK B.A., KOFAH B./. Apantauma ckeneta cnoptcmeHoB. K.: 3gopos’a, 1989 (in
Russian).
MAK BAH YOP, JOKTOPOB A.A., JEHVNCOB-HUKONBbCKUI 0.W. MepnoctansHas KocTHas
NMOBEPXHOCTb B MOXWUIIOM U cTapyeckom Bo3pacTte. B cb6.: “BuomeguumHckue TexHonorun”, 17:
64-71. M., 2001 (in Russian).
PEBBEJ I.A. MaTtonorus koctn. M., MegnumHa, 1993 (in Russian).

60



Russian Journal of Biomechanics, Vol. 6, Ne 2: 51-61, 2002

13. POXKNHCKAA J1.A. CuctemMHbi octeonopo3: [lpaktuyeckoe pykoBoacTteo. M., U3paTensb
Mokees, 2000 (in Russian).

14. CTAPUYEHKO B.W., NMOBAWEBCKN/ H.M., MOMNOB B.B. UhnanBMAayanbHas M3MeHYMBOCTL
MeTabonunama oCTeOoTPONHbIX TOKCMYECKUX BewecTB. EkatepnHOypr, YU® “Hayka”, 1993 (in
Russian).

15. CTPYKTypHble OCHOBbI aganTauMmM W  KOMMNEHCauMu  HapyweHHbIX  YHKUUM:
PykosogctBo/AMH  CCCP;J1.N.ApynH, A.l.babaeBa, B.B.lenbdang wn gp.;Mog peg.
0.C.Capkucosa. M., MegnumHa, 1987 (in Russian).

16. YTEHbKVH A.A., CBELWLUHMKOBA A.A. Ynpyrne cBOWCTBa KOCTHOW KOMMAKTHOM TKaHW Kak
aHu3oTponHoro maTepmana. Mpobnemebl npoyHocTH, 3: 40-44, 1971 (in Russian).

17. YTEHbKVH A.A.. ALLKEHA3WM E.K. O6 aHu30TponMuM KOMMAKTHOro BellecTBa KocTu. MexaHuka
nonumepos. 4: 711-716, 1972 (in Russian).

18. XEM A., KOPMAK [. Frmctonorusa. T3. M., MeanunHa, 1983 (in Russian).

19. AHCOH X.A. BuomexaHuKa HUXKHEN KOHeYHOCTH YenoBeka. Pura, 3uHatHe, 1975 (in Russian).

20. AKAY M., ASLAN N. Numerical and experimental stress of a polymeric composite hip joint
prosthesis. J Biomed Mater Res, 31: 167-182, 1996.

21. DEMPSTER D.W. PemogenupoBaHue koctu. B kH.: Purra B.J1., MenToH Il J1.[x. OcTeonopos.
M.-CI16., 3AO “UspatensctBo BUHOM”, “HeBckuit gnanekt”, 85-108, 2000 (in Russian).

22. OKUMURAY., IMURA S., OOMORI H., ICHIHASHI K., TAKEDANI H. Micromotions and strains of
cementless femoral prostheses. Biomech in Orthop, 205-209, 1992.

23. SOTIN A.V., AKULICH YU.V., PODGAYETS R.M. The model of cortical bone tissue adaptive
remodeling. Russian Journal of Biomechanics, 5 (1): 24-32, 2001.

WHAMBUAYAIIbHbLIE U BO3PACTHbIE OCOBEHHOCTU AOANTALUA
KOPTUKAJIbHOU KOCTHOU TKAHU BELPA

A.B. CotuH, 10.B. Akynuy, P.M. NMograey (Mepmb, Poccus)

Pa3zpaGoTanHas aBTOpamMM MaTeMaTHyecKas MOJeNb aJaNTallMOHHON MNepecTporKH
KOPTUKQJIbHOM KOCTHOM TKaHU [23] COJIEpKUT MapaMmeTphl, IO3BOJISIIOIIME YYHUTHIBATh
BIMSIHUE WHAMBHUIYAIbHBIX M BO3PACTHBIX OCOOEHHOCTEHl Ha CKOpOCTh U Xapakrep
aJanTaluoOHHOrO mpolecca. B pabore mpeacraBieHbl METOAMKA U PE3YyIbTaThl YUCIEHHOTO
UCCIICOBAHMsI  BIMSHUS AaKTHMBHOCTM KOCTHBIX KIETOK, YPOBHS MHHEpAIN3alNH,
MOP(OJIOTHUECKOW CTPYKTYphl W MPOYHOCTHBIX CBOWCTB KOCTHOM TKaHM Ha XapakTep H
JUINTEIBHOCTD  QJaNTAalMOHHOIO  M3MEHEHMS MEXaHWYEeCKMX CBOWCTB TKAaHH IIpHU
YCTaHOBUBIIIEMCS] I3MEHEHUU HAarpy3ku. buom. 23.

KiroueBrlie cioBa: azanranus, MTHAUBUAYaJIbHbIC OCO6€HHOCTI/I, AKTUBHOCTB KOCTHBIX KJICTOK,
MUHCpAJIU3alusl, MCXaHNIYCCKHUC CBOICTBa
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