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Abstract : The goal of this papel is to develop a computational method Lo predicl ¢ancellous bone densily distribulions based
upon continuum levels of volumelile strain. Volumelilc strawn is defined as Lhe summation of noimal strains, excluding shear
strains, within an clastic range of loadings. Volumetric strain at a pailicular localion 1o a cancellous struclure changes with
changes ot the boundaivy conditions {presciibed displacements, tiactlons, and piessuie} This change in the volumetiic stiain is
posiulaled to predict the adaplive change in Lhe hone appatent densily. This bone remodeling theory based on volumetiic
slrain is then used wilh Lhe fnile element melhod Lo compute the appaient density distnibulion for cancellous bone 1n hoth
lumbar spine and proximal femun using an iterative algonthm consideling the dead zone of stiain stimuli. The appaicnt
density distiibution of cancellous bone predicted by this melhod has Lhe same pattein as experimental dala 1cpoited in the
hiterature (Wolff 1892, Keller ef al. 1989, Cody ot al 1992) The 1csulting bone apparent density digtiibutions predicl Young's
modulus and strenglh distiibuticns throughout cancellous bone in ameement with the literalure (Keller et al 19838 Carlel
and Hayes 1977). The melhod was convergenl and sensilive Lo changes 1n boundaty conditions Theiefore, Lhe computational
aleorithm of the prescenl study appears Lo be a usclul appioach Lo prediel Lhe appmienl densily distiibutions of cancellous bone
(i.e a numeiical appioximalion for Wolff's Law)
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mnterest Wollf suggested thal formalion and resorption of
lrabecular bone depend on the local sires< slale resulting
[rom the load envioniment Several investgators have
suggested that there 13 a normal =iram range correlaled
wilh bone remodeling equilibrium in which there 18 no net
apposition or resorption of the bone (Frost 1987, Cowin
1981, The cancellous hone structure, as defined hy its
local apparent density, aclueves an cquibibriom state when
the stunulus stavs in this normal range. When the stimu-
lus slays below or exceeds this normal range. canccllous
bone changes 1its apparent density, adapting to the mec-
hanical envuoonment. Churches and Howletl(1981) reported
that axial loading conditons are more beneficial  than
bending as a stimulus for bone remodeling. which nught
mean that shear slrains under hending loads are less im -
portant for bone remodelmg. Wolll(1892) observed (emcral
cancellons bone that had been subjected to bending loads,
showing examples of cancellous Done trajectories consis -
tent with directions of prnewpal stressilig 1), Several inve-
stigators reporied that an appropriale compressive load 13
benelicial to [racture healing. whereas excessive compre-
ssion or any asaal lorsion is harmiful to healing{Grundenes
and Rekeras 1953). Based on these expenmental observa-
tions, it appears that within normal physiologic levels of
loadings, axial strams or normal strains are the more do-
minant homechamcal factors lor bone remodcling, wherehy
shear straing are less relevant to bone remodelmg. Cur-
rent bone remodeling theories use strain epnergy  density
(Goel et af. 1995) or effeclive stress (Carter ef af. 1989)
as a stumulus for bone remodeling. These theories mclude
shear strains, although bone remodehng based on an
isalated shear strain has never been observed.

Many investigators (Antonsson and Mann 1985, Capozzo
el al. 1973, Clurches and Howlatt 1981 Lanyon and Rubimn
1985) suggest that cancellous lxme distributes itself and
remoclels as a funchion of stram magnilude for similar load
frequencies. showmg that ths mterprelaton of Wollf's
Law 15 supported by many experimential studies Consider,
for example, lumbar vertehral bodies and the proximal
fermnur. Spinal loads resuliing from body weoight or muscle
contrachion are constantly apphed to the lumbar spine,
kecping Lhe nucleus pulposis under a considerable level of
pressure. These spinal loads causc compressive strains in
the axial direction of the vertebral body to be dominanl.
These sirains, m turn, are likely o be the dominant bio-
mechanical [actors that regulate density distnibution and
remodeling of cancellous bone. Thus, 1L 18 reasonable 1o
assume that axial compressive stran can be used fo pre-
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dict the apparent density distmbution of cancellous bone
w the vertehrul hoches of the human spinc However. n a
proximal Temur, aslal compressive loads are coupled with
bending, producing a more complex sudin distribulion
Both leads prohably affect cancellous bone density disln-
hution and remodeling. Lrgo, all normal strams, which arc
the components of a velumetric stram, should be included
when considering a mechanical stmulus [or cancellous
hare cistrrbution and remadelng in the proximal [emur.

Several analvilcal metheds have been used o predict
the distribution of the cancellous bone apparent density or
hone remodeling Using Mnile element method, Goel er al
(1995 showed that Young's modulus vares with anato-
mic region on cancellous bone of human lumbar spine
based on a sirain energy density theory. requiring many
unknown parameters, and a uniform homenstatic  sirain
energy densiiy distoibution. Carter ef al. (1989) predicled
the bone apparent densily distohution 1o an acdult proxi-
mal femur based on cffective stress in order ithat the
principal matenal direcuons do nol necessary  carrespond
to the principal slress drection, Carter and associales nsed
a lormula thar caleulated a stimulus based upon magnilu-
de and number of load cycles/day. Carter(1987) estabhshad
an algorithm ol bone remodeling to represent morphoge-
nests, growth, regeneration, mamtenance and degencralion,
assunung that shear slresses induce bone gan and that
hydrostatic  siresses inhibit bone gain, Weinans et al
(1994 explored effects of fit and bonding characleristcs
ol femoral stems on hone remodehng based on the strain
enerey densily Cowwn and Hegedus (1975) suggested thar
the apparenl densily of cancellous bone structure is dete-
rmined rom stramn but, they didn't need to show that
how the apparent densily 15 updated A recent study{Twmner
et al. 1997 wsed a umlorm strain criterion using the
principal strains for prediction of apparent densily in the
proximal femur, showing that the algorithm converged
upon an apparent density cistnbulion that was similar to
anatonucally observed distibutions Fischer ef @h(1997) sh-
owed that a node based remodeling algorithm can converge
to & unigue densily distribubion.

The goal of the presenl study was to explore a dille-
reni approach to predict hone remodeling. A remodeling
theory is [ommilared for cancellous bone based on a volu-
metric stram critenion, This theory is implemented and
solved using the fimte element method. Ths theory is
demomslraled by applving 1t o a human proximal femur
and i three vertebrae m the human lumbar spine. Appa-
rent density chstributions predicted by the model are com-
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Fig. 1. Firnite element model of a curved femoral diaghysis The right plot is a curved lTemur referred from Wolff(18392)
The femur was modeled as shown on the central plot. Tha |sft plot represents a volumetric strain distribution based on
the bone remodeling theory. The distribution of volumetric strain in the middle region of the model shows similar trends

to the density disirnibution of the curved femur on the right plot
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Fig. 2. Fimte element madel of a normal proximal femur
with boundary conditions{a=31 degrees, reaction forces
[=1686.3 N, Rx=873.7 N, and R,=2371 N}

parecd 1o those reported m the literature.

METHODS

The hOnite element method was used (o predicl appa-
renl density distributions of cancellous bone 1 the human
lumbar spine and (ernur, Two two-dimensional lemur mo-
dels and a three-dimensional spine model were generated

(Fig 1. 2. 4, Table 1) The models were analyzed with a

gencral purpose frute element package, ANSYS (Version.
51a, Swanson Analysis Svstems, Ine., Houston, PA),

1. Femur models

Two Temur models were considered in the present
study, a curved femoral diaphysis(Fig. 1) adapted from
Wolll(1892) and a normal proximal lemur(Tig  2) The
geomelry of the normal femur model was based on Wollf
(1892} and Carter ef @f(1939) These models included both
cortical and cancellous hone. These models used two
~chmensional  elemenls(PLANEAZ) delined by four nodes
having Lwo degrees of freedomiie. translabons in the nodal
x and v direcilons) at each node. In the curved [lemur
model and the normal femur model, an inilial unilorm
Young's moculus(100 MPa) was assumed throughour the
cancellous bone wilh a Poisson's mtio ol 0.2 The loading
boundary conditions were based upon a body welght of 100
kg accordmg  tno the IHerature(Cowin 19911 Reaction
[orces were applied to the normal femuwr model as shown
oin Ivg. 20 A compressive load of 2311 W was vertically
applicd to the curved [emur model m order to investigate
cancellous hone densily distribulions(Cowin 1991)

2 Spine model(L3-L5)

The geomelle data for lhe FEM modeling of L3-1.5
motn segment were based on the recent hikerature(Panya-
et al 1992, Grobler ef ol 1993 Marchand and Ahmed
1890). The verlchral geomelry was relemred [rom Panjabi

I. Biomed. Eng. Res: Vol 21, No. 4, 2000
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Fig. 3a. Remodeling processes based on the bone
remodeling theory in the femoral cancellous bone. The
initial range of volumetric stramn was reduged and
converged into  the homeostatic range defined by
Frost(1987) with increasing the iterations At every
iteration, the apparent dansity distribution was predicted
Based on the apparent density distribution Young’s
modulus and bone strength were predictad

et of (1992). Geometry for ihe lacel joint was relerred
lrom Panjab ef al(1993) and Grobler er @l(1993). A
lordotic angle for the normal spne model was assumed to
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Fig. 3b. The convergsnce procass with iterations for the
proximal fermur model
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be 3 degrees hased on post-moterm data(Cox and Stevens
1985)

In formulation of the 1hree-dimensional hHnite element
model al a lumbar spinelL3-L2). cortical hone, cancellous
bone and posterior bone were modeled as three-dimensio-
nal soparamelric eighl-node elemems(SOLID4)  defined
by elght nodes having three degrees of freedom(le 3
{ranslations} at cach node. The mntorvertebral disc was
modeled as 4 composite malerials wilth a senes of fiber
bands and a ground substance around the nucleus, similar
lo the recent literalure{Goel ef al. 1995, Shirazi-Adl et of.
1986), Irregularily of the annulus fbrosis was included
according to the Lferaturc(Marchand and Ahmed 1990, Ska-
gos & ol 1994) The collagenous f(ibers in the annulus
fibrosis and ligaments are bilnear materals which are
very stll 1 tension and very compliant in compression.
These Tihers were then modcled as cahle elements(LINK
100 supporting tension only  The nucleus of the mterver-
tebral disc was modeled as flud elements(ILUIDS0) which
are well suited o simulale the hydrostatic behavior and
flmd/sohd interacnons associated wilh a normal nucleus
pulposis. Facel articulauons were modeled wilh gap ele-
ments(CONTACDHZ) wluch can support a compressive nor-
mal load w the surface. In this model an nitial gap
distance of 045 mm was assumed. Friclional force helween
opposing [acels were assumed to be zero,

Malerial and mechanical properties of the nommal spinc
medel(Table 17 were obtamned from the literature(Fyhrie
and Schaffler 1994, Rice et af. 1988) where Young's mao-
dulus and srmrength of the cancellous bone are [unclions ol
hone apparent density(Carter e afl. 1989}, The bone app-
arent densily varies with anatomic region in cancellous
bone(Keller ef al. 1989). In boundary conditions of the
spme model, the inferior surface of the L5 vertebra was
(ixed Muscle activation was lgnored in this study. Com-
pressive loads of 400 to 800 N were distmbuted on the

superior swrface of 153 cm® area.

3. Bone remodeling theory based on the volumet-
ric strain

Il is known that compression and fension produce a
greater remodeling responge in bone than any other load
(Antonsson and Manm 1985, Capozzo ef al. 1975, Churches
and Howlett 1981). However, the difference m hone remo-
deling response hetween compressive strain and tensile
strain is nok well delined There 15 lttle evidence of hone

remodeling in response to changes m shear strain while
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Table 1. Materal properties of human lumbar spine (L3-L5} and human femur

Materials

Young's modulus{MP:

) , ) Apparent densily
Poisson’s ratio .,
o (e/cm”)

Spine model

Cortical bone™"™ 12000 0.3 1.8
Cancellous bone''™™” 28750 0.2 011-1.2
Posteror bone™™" 3500 0.25 1.8
Carlilaginous endplaic 24 0.4

Annulus matrix' ™ 4 0.47

Annulus fiber'™" 59-136

Nucleus 1667, bulk modulus (04999

Ligaments'™" 7.5-59 0.6-22.1, Cross-sec. area (mm)
Femur model B
Cartical bone™™" 17000 0.3 19
Cancellous hone 287507 0.2 0.11-1.2

there are many reporls showing bhone remadeling under
changes in normal strains{Antonsson and Mann 1985, Ca-
pozzo ef al. 1975, Churches and Howlett 19800 1L 1s
therelore assumed that shear strains are not a dominant
factor in bone remodehng and can be ignored. In this study,
volumetric sirain [rom a recltangular coordinate syslem is
postulated to be the stimulus for bone remodeling. Imple-
menlimg this computalionally is based on three assump-
tions:

1) The time inlerval requived (or changes in mass of
canccllous bonel #fomeae) 15 much longer than the tune
inlerval for physwologic loadings( A ieea).

2) A small but [nite region of cancellous bone under-
goes slrains with physiologic loading that consequently pro-
duce temporary( A frues) changes In volume and apparent

density in & Lagrangian sense. These volumetric changes

Posterior
clgments

gh _— Mucleus
(flnid)

Ground
substance

Fig. 4. Finite
(L3-L5)

model of the normal spine

element

cstablish a homeostalic level of apparent bone densily for
a homcostatic range ol normal volumelric strain. An in
crease or decrease [rom (his critical value of volumetric
slrain will temporarily mcrease or decrease the level of
apparent density(in a  Afig Inlerval. It is assumed Lhal
the remodelng response Jor a contnued alteration n
loadings, (in 4 b mtarval) will change the unloaded
local apparent density to be equvalent to thal induced
during the Afmee interval

3) The absolule magnitude of normal strains is assu-
med to contrel the remodeling response. That is, tensic
and compressive sirains mducing velume change will be
assumed to be the same factors in bone remodeling.

Based on first two assumptions, an ilerative eguation
can be oblained.

o V=©M=constant (0<5< A g (1)
where o is density, 17 is a volume, and A 13 mass
During a short loading mtervall Atiaqg), small changes in
siramn can aller the volume with corresponding small in-

creases in e Jocal apparent density If Eguation 1 1s di-
IHerenljaled to time,

ar T =0
{F=—% (2)

Equation 2 relates bone apparcni density change and

I. Bicmed. Eng. Res: Vol 21, No, 4. 2000
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the volume change over a loading mterval. For small dis-
placements. dV7 1 can be approximated by volumelnc
strain consisting of normal straing, that 1s,

%‘izeu b Ewt B (3

Equations 2 and 3 and the third assumplion can be

expressed
dp:“ﬂ( 8&\‘ - Sy\' + 822) [4)
dﬂz & gb, it & = —(C‘f £ w e w T C/ & o) {

where, sirain coefficients e, o, ¢ are 1.0 i the
correspondmg  strain componenls are negative {Otherwise,
the coefficients are assumed to be -01~-10. These as-
sumption  will be necessary to distinguish the iensile
slramn and the compressive strain because Lhe difference
hetween them would exist in bone remodelng. In this
study the strain coellicients are assumed 1o be -1.0 acco-
rding Lo the third assumption. The volumetric strain is
modified inte £, which is always positive, i order 1o
develop a stimulus of remodeling. Equation 5 represents
the short term change m hbone density due to a loading
as well as the incremental bone change that should occur
by remodeling to compensate for this volumetric change.

It is assumed that over a pecriod of tume consistent
wilh hone remodeling(Abamoger). the currenl bone apparent
[161151Ly(,£)!|j) can be described by (he previous bone app-
arent density( g and an mcremental changeid 2 1n bone
apparent density.

el = o v dpt (6)

This change{d #} in apparent density is assumed to be
in response to a short termi A load that changed the
volumetric stram from a previous skeady -state cancellous

bhaone digtribution. I'rom Equations 5 and 6,
plli=plrel) (7)

Equation 7 defines an incremental redisiribution ol the
apparent density in cancellous bone., Prior to this incre-
ment there were previous increments of apparent density
rechstibution from the original value until volumetic strain
had reached a rcference value and apparent density had

become homeostalic Iguation 7 then can be expanded so

o TE 7] 21, A&, 2000
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that bone apparent density can be calculated by he volu-
metnie strain through a number of ilerative time steps. Eq
uation 7 can be rewritten as lollows:

A= N+ e+ g0 I+ e

TS
p.,g‘( o )

whore 2 s tilial bone apparent density, and 5:‘} is
inidal volumertrie strain. With conunuing Iterations, Equa-
tion & converges o a new apparent densily( p) for change
of loading.

In order to consider the dead zone of stran stimul in
bone remodeling, a threshold level of volumetric strain( e
rdisdefined.  Frostt1987) suggested thal bone normally
receives belween 200 and 2500 mucrostrain and the phys-
ivlogie straun range 1g less than 4000 microstrain. Therelore,
if & ig 2500-4000 microstrain, then bone apparent density
will Increase proportional to €& [0 Err= 2500 micro—
strain. Il £, 18 less than 200 nuecrostrain, then bone reso-
rption will occur proporlional to £-&4 [or £=200 micro-
stran But, 1 £ 13 1 the range of 200-2500 microstrain,
no remodeling will occur and € = & Equalion 9 consi-
ders these conditions according lo the magnilude of &

The frequency of loading has also heen shown 1o
affect remodelmg(Antonsson and Mann 1985, Cupozzo ed
al. 1975, Lanvon and Rubin 1985). Within a reasonahle
vhysiologic frequency range(less than 20 Hz), higher [re-
quencics amphiy the bone remodeling response while
slalic loadings 1nduce no remodelng{Antonsson and Mann
1985, Capozzo ef of. 1975, lanyon and Rubin 19330, The
effect of frequency has then been implemented mto the
model I[ a relerence [requency ol a dyvnamic c¥cie [,
and an arbilrary Irequency of a dynamic cycle f are
assumed, Equation 8 15 rewritten as follows,

o :puZ(H(g:,%_% JC ) (0< 20 He (@

=i of "
where, &o = 200 if & < 200 microstrain
Cor = 2000 1f &, > 2300 microstrain
&g = & I 200 microstram < & = 2500 microgtrain

Thus, hgher [requency loads amplily the remodeling



A Finite Element Simulation of Cancellous Bone Remodeling Based on Volumetric Strain 379

response and lower frequency loads diminish it

In order Lo reducc the computatonal nme, an amphfi-
cation factor of Gy was Introduced into Equation 9 Without
Cm iousands of flerations were sometimes necessary 1o
converge to density levels where 200=6,<2500 microstr-
anfie. homeostatic range of the volumetric stramn) throu-
ghout the structure The reason was that volumetric strain
is on lhe order of 0.001 of the hone apparent density 1.0g
Jem The iterative solulion of Equation 9 could now
become divergent hecause ol the amplification factor!( )
To assure numerical stahlity, a convergence criterion was
formulatled and checked at every iterabion (f). The conve-

rgence criterion, Ci, 1s defined as

A
PNCART
=i

— s (10)
S0
=1

The summation lrom 1 to &k is over the total number
of elements of cancellous bone. The accuracy of the con-
verged solution depends on Cr C) is expected 0 he less
than 0.001 for convergence. Equation 10 is the ralio of a
summation of the current incremental element densities to
the summation ol current element densilies.

4 |nitial density determination of the remodeling
theory

Trutial apparent density o) is pre-assumed and the algo—
rithm converges lo an apparent density distribution corn-
sistent with the levels of e, A good estimate of 0% will
greatly reduce the computation time. Therelore, the [ollo-
wing method was developed to estimate .OO for the spine
model. Since axial compression is the most dominant load
on the human lumbar spine, the axial compressive strain
is the most dominanl lerm in volumetric stram. For hom-
eostasis ol the verlebral cancellous hone, the axial strain
should then approximate 200-2500 mucrostrain based upon
Frost's observalions (Frost 1987). If an apparent density
cistribution can be estimated to approximale a uniform
axial value of 2500 microsuain throughout the cancellous
bone, the pre-assumed apparent density should bhe close
1o the linal converged value. This 15 accomphshed by
following a stran energy technigue:

1) Initally, Young's modulus of the cancellous hone is
assumed to he an arbitrary uniform value (Ei). An axial

compressive loading is Lthen apphed to the normal spine

model. After this milal iteration, an axial strain which is
an Initial sirain in the verlical direction (y-axis shown in
Flg. 1}, e.1, 15 obtained, and the strain encrgy per volu-
me over the cancellous bone 13 computed [rom

B & (1D

1 1
Ut = LF Gy 5 1

2 i

2} Alter bome remodelng, it is assumed that axial
slraind gy} will approximate 2500 mucrosirain Young's
modulus(Tiz) at each location of the cancellous bhone is still
unknown, but the strain energy per volume has heen
estimaled by Equation 11 and the ‘approximate’ [nal sirain

of e, is known

Urormodei= a, &, =

l 1 .
3% EEEE‘IE (12)

The apparent density associated with this modulus(Eg)
can be obtained [rom

E2=2875 0 "MPz for Young's modulus (13

Equation 13 has assumed a strain rate of 0.001 m/sec
{Carter and Haves 1977). Since the slram energy of an
elastic structure under the same loading/boundary condi-
tions is constant regardless of Young”s modulusine. Upnoa
= Urormoger), 1he density obtmned at Equation 13 per each
element ol the cancellous bone is

23
o= om[‘gﬂJ (14)

£a

This equation is used to compute an intial density{ ¢”)
distribunion of the bone remodeling algorithm of Equation
9

31 With estimates for the apparent density distribution
now obtained throughoul the cancellous bone, Young's
modulust Equation 13) and strength of the cancellous bone
(Equation 15} for each elemenl are estmated at every
iteration

ov=32 2 MPa for bone strength(Carter and Hayes 1977) (15)
Through this techrmgue, final density distribution is then
obtained by the bone remwodeling algorithm of Equation 9.

Ag well, loads that cause local damage to cancellous hone
can he identified.

J. Biomed, Eng. Res: Vol 21, No. 4, 2000
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RESULTS

The hone remodehng theory hased on the volumetric
stramn was applied on two human [femur models(Fig, 1-3)
and a lwman normeal spine model(Fig -7 with the [req-

uency ratiof 7 ) of 10 in BEquation 9. Fig. 1 shows re—
ref

modeling of the cancellous borme in a curved human femur,
The rght plot of Fig. 1 shows a volumetnc strain distr-
hulion on the curved [emur under a vertical compression
of 2311 N, predicting lhat cancellous hone will resorh in
the regions with low volumelric stram. This volumetrie
strain distribution 15 very similar lo the hone density
chserved by Wolll (1892). Plot (1) of Fig. 3a predicts a
volumetric strain distnbution for the proximal model after
an milial Iteralion. Further iterations of this model
brought all strains wilhin the physologic range of
200-2500 microstrain{Plot(2) and Plot{3) ol Fig. 3a). The
convergence criterion with C; of 1.0E-3 (Equation 10} and
Cm of 40 (Equation 9) was satisfied after 41 iterations
(Plot (2} of Flg. 3a). When. alternatively, Cp of 1.0E-4
and Cn of 40 were chosen, the appatent density distribution
converged after 91 iterations (Plat 4) of Fig. 3a). The re-
sults aller 41 ilerations werc nearly Lhe same as the results
after 91 terations, showing good convergence with a
smaller value of Ci. According to Equations 13 and 15,
Young's modulus and strength of cancellous benme were
obtained based on the computed bhone apparent density
(Plot (5) and (6) of Fig. 3a). Fig. 3b shows the conver—
gence process with ileratioms for lhe proxmal femmu
model. Trrorl is the result from the left hand side of

4
—e— FEM

-~ 35 — = — Brown {experiment}
E — =« — Berkson (experiment)
£ 3 — +— Goel (FEM)
8 25 b ~ & — Tencer (2xperiment)
B & o  —— Sturazi-Adl {FEM)
g Ll -
&
2
st
H
< 1k

0.5

1 I :

]
o 500 1000 1500 2000 2500
Compression (N}
Fig. 5a Comparison of the normal sping modal with
several experiments in the experimants 1n the literature

under axial compraession. The load-displacement curve
was in close agresment with Berkson er a/ (18791,

o)z s A] A2, A4, 2000

ety 2ol

Equatuon 10. Errorl at any pomt in ume 15 a measure of
accuracy in the densily distribution of the current model.
In the normal spine model(Fig. 1) under the conve-
rgence criterion with C; of 1.0E-4 and Cy of 40, only 3-4
ilerations were requued because the tihal apparent densily
distribution was very closed to the final converged value
according to Equations 9-15 Compressive behavier ol the
normal spine model was compared wilh the literature(MNa-
chemson 1960, Brown el af 1997, Berkson et af 1979,
Kim and Goel 1938, Shirazi Adl ef @l 1986, Tencer et af.
19827 (Fig, 3a, 5h) The curves of load-displacement and
load pressure are close to the literaluretBerkson el af.
1979). Under axial compression of 400 M. bone remaodeling
ol the verlebral cancellous bone was explored(Tig. 6). Plot
(1) of Figure 6 represents axial strain distribution of the
L4 body aller inital loading of 100 N. Volumetric stram
was computed hy summation of absolute values of normal
strains(Plot (2) of Thg 6) Aller remodeling, the density
digtribution of the L4 body was extracted [rom lhe whole
model{lL.3-L5) in order to avod detrimental effects of the
boundary concitions 1o the resulls. Apparent densities
rangmng [rom 0122 -0 435z /em were predicled bv the bone
remodeling theorv(Thg 6) The apparent densily distribu-
lion in Figure 6 shows hat the peripheral border of the
core is less dense. and Lhe posterocentral region of (he
core is more densc in agreement with anatomical descrip-
tons 10 Keller el al 1989, Ploit4} of Figure 6 shows Lhat
hydrauhe pressure of both nucler is about 0.26 MPa. The
upper one is the nucleus belween L3 and Ld. The lower
one is the nucleus belween 14 and L5 Figure 7 predicts

that the apparenl density cistribution of cancellous bhone

35
—sa— FEM

1 | —as— FEM (dehydration)
T - a-- Nachemson {agg 11)
S 5L wmerb--- Nachemson (age 38)
o --q - Berksan
= 4L ——— Gocl (FEM)
g .
-;g 1.5 . L] et T
-_g s . A &
E . Ly - -t
Toas b ek

e
0 I 1 ! 1
1} 500 1000 1500 2000 2500

Compression {N)

Fig. 5b. Comparison of the normal spine model with se-
veral experimants in the literature under axial compress—
ion. The load-pressure curve was in close agreement
with Berkson st af (1979}
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Fig. 6 Prediction of the apparent density for the vertebral
cancellous bone under compression of 400 N

varies with loadmg conditions within the range of 01-09
g/cmq’. The upper hound of the density mcieascs with the
Increase of the compression, showing wider range of the
density distribution. This resull shows thalt a person who
is overweight or very active phvsically would have hgher
and wider density bone

The strain energy technigue(Equations 11-14) can veduce
computational tme [or bone remodeling studies with the
spine model. The technique was used [or determining an
mitial density  distribution from which the [inal density
distnbution was obtawned with only 3-4 iterations. Even
[or localons beyond the largel range of 200-2500 mic-
rostrain, 3-7 iterations were enough [or convergence ol
the spine model. In (he proximal [emur model, the boun
dary conditions and genmetry are more complex so that
axial compressive stram 18 not always domineml m the
cancellous bone, Therelore, the strain energy techmgue
was not as useful for the proximal femur model. Up to
91 iterations of ihe femur model were required before the
convergence (Fig, 3h), [ simple compression (axial sirain)
and hending (axial stran) were the only mmportant lactors

then tius lechnique would have heen wiorled better

Discussion

The goal of this study was to [onmulate a method for
predicting cancellous bone apparent density that did not
include shear strains/siresses in its criterion. Sheer strains
/stresses can cause an nerease in bone densily with str-
ain energy density theories and with effeclive siress/strain

1.2
mg —¢&— Upper bound
k3] L —g - Lower bound
&n
2 08
g
o 06
=
Q
=]
% 0.4
g
5 02t g - 5= —a—
f—
0 1 ! i £
0 500 1000 1500 2000 2500

Compression (N)

Fig. 7 The apparent densily range of the wvertebral
cancellous bone for compressive loads. This result shows
that the predicted range of apparent density for cancell-
ous bone is 0 1-0 S{g/cm®)

theones, Increases of this lype are nol consisient with
most experunontal observations Wilh the volumelric stram
theory developed herein, shear sirams/stresses were not
considered. Carler ef of(198%) showed m a remodehng
algorithm using the effective stress that the predicted
apparent density distribution iz similar to the experimental
resulls{Wolll 1892), adjusung an expenential coellicienl, M
of the algorithm. Goel et al(1999) showed In a spine
model that Young”s modulus distribution 15 consistent with
the experumental result(Beller er af  19889), using slran
energy density. This consistency would be explamed by
the dommant axial strain of stramn energy density even
though shear strans are included Turner er al.(1997)
used a umlorm strain criterion based on two principal
slrains in order to establish an algarithm for cancellous
hene remodeling, which was similar lo thal suggesled hy
Cowin(1984) and Cowin and Hegedus(1976). In the unilo-
e slrain criterion, principal strains were deiermuned from
all suraun compenents including shear stramn Tumer et @f
{1997) showed consistency ol the resull with experimental
datz, using Lwo absolute principal strains, Carter(1987) i -
sisted that most slrain energy stored in bone refllects
shear energy and that hydrostatic strain energy is just a
little unless signilicant [luid flows, assuming negligible
delormation of cartilage under even lngh hydrostatic pre-
ssure. Thus, he concluded thal shear stresses rather than
hvdrostatic slresses are beneficial for hone gain in a bone
remodeling algonthm, for which two stress mnvanants. the
octahedral shear stress and the hydrostabc(cddatational’
slress are used e mnvestigated a proximal femur using

the [mite element method in order w estimate lrabecular

J. Biomed. Eng. Res: Vol 21, No. 4, 2000
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orientations{Flg. 7 of Carter (1987)} The lefl plol of Fig.
7 ol Carter(1987), a hone normal stress distmbution which
is summalion of compressive siress and tensile stress is
very similar to the present result(Flot (1) of Fig 3a). In
the present study without shear stramns, the results(Fig
1,3.6) show consislency with expenmental results in hoth
gpine and fermur(Wolll 1892, Keller et al 1989). The fmile
element models are linear Isolropic heterogeneous This
computation represents macroscopic analysis Lke material
mechanics. Thus, the present modals could not show mic-
roscopic analysis such as [hud shear on local bone sur-
face and local marrow pressure. Though any shear strain
is nol included in this algorithm, a delrimental eflecl
resulting from shear strams would exist In addition, the
mesh structure of the present madels was fornmulated in
order to reduce computational tume and memory space be
cause more matenal properties ol cancellous bone were
needed as ils mesh is denser. Denser mesh ol the models
would lead lo more exact results. Despile of these
limitations, the results obtained from the models were n
qualilative agresment with observed values of cancellous
bone densily.

Tensile strain was assumed 1o have the same efllecl s
compressive strain because dufferences between  Lensile
sirain and compressive stramn on hone remodeling are not
well known Smce the resulls from this assumplion are
similar to the experimental results(Wolff 1892. Keller af
al. 1989}, the normal strans might relate with mearrow
pressure. Accordmg to Burger ef af (1993), marrow pre-
ssure and marrow pressure grachent may influence osten-
progenitor cells 1 bone adaptation. Provided that the
marrow pressure distribulion caused by an external load
is compared with strain distribulions, the differences bet-
ween tensile and compressive strains would be explored
If the dilferences hecome known, Lhe slram coellicients of
Equation 5, ¢. ¢ énd ¢ are adjustahle. Nevertheless. this
remodeling theory based on volumetric stram will be used
[or further investigation of bhane remodeling and for de-
sign ol tmplants.

If therc 15 no external load, strain 15 zero and strain
energy 18 zero. The strain energy technicue of Equation
14, then, predicts zero initial density. The algonthm of
Equation 9 predicts a linal apparent density of zero,
which is unrealistic. According lo Jaworsk: and Ultholl
(1986), without load, bone density loss keeps 60-70% nol
complete bone loss Turner el @l.(1997) suggesied that tlus
chenomencn would be explained by biclogical lactors such
as hormones and cytokines. However, these faciors mayv

o] F 87 A2, AdE, 2000

AT ] o)

cause marrow pressure o be maintained at a low level
That is, tmernal stramn energy and normal strains would
exisl duc to marrew pressure. Therefore, the bone loss of
60-70% might he explamed by marrow pressure

The initial densily is determined [(rom the ininal wm-
form axial slrain induced by Inads hased on the sirain
energy of each element of cancellous bone The imtial
density 15 not uniform and varies with lhe location. The
requirement [or this algorithm 1s that all the volumelric
strain be in the range of 200-2500 microsuain. I the
mitial stran 15 chosen al a lower level than the range,
high levels of muual apparent densily are obtamed by
Equation 14. Likewise. if the mitial strain 1z chosen ab a
lugher level than the range, the obtained initial density
levels are lower than the nitlal density levels resulted
[rom the low lmnal strain. The fnal density levels resul
ling [rom the high inilial density is a little bigher than
that with low initial density It 15 important to note that
the dead zone which is a range of swain stimub that
indace no net bone remodeling is considered. Consequently,
with the dead zone ol 200-2500 microstrain, this algori-
thim produces a solution that was non-unique Lo Lhe
mitial density  distnhution of the model. That is, this
algorithm s history dependent within the dead zone. The
exislence ol a substantial range of skrain stimol at
remodeling equilbrium lunders load determination. Non-
uniqueness of this algorithm is consistent with the study
(Wemans ef af, 1989) Carler e of.(1938) shows that the
density dislibution 1s uniquely determined regardless of
loading historv. However. in the same conditions, some
uque  solutions have been developed{Goel et al 1965,
Fischer et ol 1967). Urnugueness depends on the mathe-
matical lheory and the implementation of the algorithm.

In conclusion. a new remodelng theorvy for cancellous
hone was formulated based om a volumetric strain crite—
rion. This theory was verified on computer models of
human spine and human [emurs. The predicled density
distributions were qualilalively in good agresment with
the literalure{Woll 1892, Ieller er af. 1988, Carler ef al
1977), showing that shear siraing within bone are unlikely
to govern the ossificatiom The strain energy technmque
developed, m the presenl sludy, was very uselul lor
saving computational tme In convergence of the spine
model. Therelore, these computational algorithms ol the
present studv appear to be a uselul approach to predict
the apparent density distributions of cancellous hone,
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