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FINITE ELEMENT ANALYSIS OF FIBROUS TISSUE
MORPIOGENESIS — A STUDY OF THE OSTEOGENIC INDEX
USING A BIPHASIC APPROACH!

IT, Ilpendepezacm, P. Xwrockec

KOHEYHO-ONEMEHTHLIN AHAJASB MOPDOOTEHE3A BOJOKXHUACTOMH
TEAHH — U3YUYEHHAE OCTEOTEHHYECKOIO HHIEKCA B IBYX®A3ZHOM
IOIXOME!

An axisymmetric finite element model of the soft gap tissue and
surrounding cancellous bone was developed to analyse the biomechani-
cal behaviour of the environment surrounding the implant. Both isotropic
linear and biphasic representations of constitutive behaviour for the
tissues were considered. The biphasic approach models the tissue as a
control system of a solid and a fluid “perfusant”. The work presented
assumes a technological significance for rational design of load bearing
implants.

OcecuMMeTpUYHAS KOHEYHO-3NEMEHTHAA MOLENb MAMKOW TKaHK U OK-
pyxatoLei nopucTolt kocTy paspaboTaHa 4ng aHanusa GuomMexaHu-
4YECKOro NOBESEHUS CPefbl, OKpyXallelt uMnaaHTaHT. PaccMOTpeHb
OBa NPencTaBieHNs MEXaHUHECKOro MOBefeHUs TKaHeW: UBOTPOonHoe
NuHelHoO-ynpyroe 1 asyxdasHoe. Mpu aeyxdasHOM NOXONE TKaHb
MOZENMPYETCH KaK CUCTEMA, COCTOALLAA U3 TBEPAOro N XUAKOro KOM-
NoHeRTOB, PaboTa UMEET TEXHONOrMYECKoe 3HaYeHe 18 paLlnoHalb-
HOTO MPOBKTUPOBAHWUS HArPYXEHHbLIX UMMIaHTaHTOB.

The development of tissues in the skeleton is a complex process beginning
with a mesenchymal cell condensation and finishing with some "equilibrium’
tissue suited to the mechanical function required for the particular skeletal
part. The proce:ss involves differentiation of the pluripotent mesenchymal
cells into those that form the particular equilibrium tissue, e.g. chondro-
cytes for cartilage or osteoblasts for bone. Several philosophers in the
previous century have hypothesised that the process is not just genomic,
but that mechanical factors play a part in determining the pathway which
is followed [1]. Nonetheless, very little is yet known about the mechanical
events that underlie the tissue formation process.

! presented at the Ninth International Conference on the Mechanics of Composite Materials
(Riga, October 1995).

Iloxnayn, npexcrasrennsrl ma [X Mesnymaponryio xomdepeRIHIOo OO MEXAHNKE KOMIIOSHTHEIX
marepuanon (Para, oxrsbps 1995 r.).
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Based on an idea proposed by the German orthopaedic surgeon F. Pau-
wels [2] concerning the relative influence of hydrostatic and shear stresses,
it has been proposed by Carter [3] that the tendency for fibrous connective
tissue or cartilage ossification could be captured by an osteogenic index

OI =Y n(S; + kD)
i=1 (1)

where S and D denote the cyclic octahedral shear stress and hydrostatic
stress respectively, k& is a constant weight factor, n; is the number of loading
cycles of a particular loading condition and ¢ is the number of such different
loading conditions. Representing the tissue as an elastic and isotropic solid,
finite element models have been developed to analyse the morphogenetic
behaviour of tissues [3—b]. It has been suggested that this kind of
modelling approach is able to describe features of fracture repair and
chondrogenesis [3), and ligament [4] and tendon [5] tissue phenotype.

Desgpite the convenience of the elastic approach, it is clear that the tissue
itself is a material containing both solid and fluid constituents (called a
biphasic material). The solid phase is mainly a certain type of collagen
mixed with proteoglycans, whereas the fluid phase consists of blood and
interstitial fluid. Since the cells that undergo differentiation (mesenchymal
cells) are contained in the fluid until they become precursors for tissue
forming cells [6], it seems worthwhile to ask whether or not a model derived
from the fundamental biphasic nature of the tissue would lead us towards
a better understanding of the phenomenon of tissue development.

To investigate this idea, we generated a finite element model of peri-
prosthetic tissue formation observed in an animal experiment, using both
elastic and biphasic [7] finite element analyses. The animal experiments
analysed in this investigation have been reported in the doctoral thesis of
Sgballe [8]. The osteogenic index was calculated in the gap between implant
and bone, using both linear elastic and biphasic tissue models. Since the
fluid phase moves relative to the solid, it is possible that the osteogenic
gtimulus might arise as a result of fluid motion. To investigate this, the
velocity of fluid relative to solid phase was calculated. Results are compared
to the histological results reported by S¢balle [8]. Finally, some discussion
of how a biophysical morphogenic stimulus might really arise is given.

Methods

S¢balle [8] implanted a micromotion device into the condyles of dogs
(Fig. 1). The implant was attached to a piston that moved axially under the
load of weight bearing. Axial movement was limited to either 150 um in one
set of experiments and 500 ym in another. The spring ensured that the
implant returned to the lower position when the weight-bearing load was
removed. The effects of these levels of micromotion were compared with
those in animals where all motion of the implant was restrained. The effect
of different implant coatings was also investigated but that effect will not
be considered in this paper. A gap of 750 um was retained around the
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Fig. 1. From Sgballe [8], the micromotion device with implant (/) screwed onto piston (P).
The spring (8) is contained in a hollow screw. & polyethylene plug (PP) extends below the
bone surface to engage the lower condyle on loading.

Puc. [, Yerpoilierno MakpoABHikeHHS ¢ HMiamramroM (1), spuudeBHRIM B mopuiess (P) [8).
[pyaura (8) maxonuwresi B uycroreinom susTe. Ilommormienopas sarnymia (PP) nmanenaerest
[1O/| KOCTHOH HOBEPXHOCTEIO WIS GAMENA2HM « HEIUIAM MLIIHENKOM UDPH HATDYMCCHI.

implant within which tissue formed. Depending on the extent of the
micromotion and the time after implantation, various amounts of fibrous
connective tissue, fibrocartilage or bone were formed in the peri-implant gap.

An axisymmetric finite element modsl of the gap tissue and surrounding

cancellous bone was developed to analyse the biomechanical behaviour of the
environment surrounding the implant. Two kinds of constitutive behaviour
for the tissues were considered:

e an isotropic linear elastic representation, where the Young's modulus
and Poisson's ratio were approximated by 1 MPa and 0.1667 for soft
gap tissue and 100 MPa and 0.3 for cancellous bone;

» a biphasic representation, where gap tissue and cancellous bone were
considered to contain fluid. The permeability of the cancellous bone
was taken to be 3.71 - 107" m'/(N . s) [9]. The permeability of the
gap tissue has not been measured. Armstrong and Mow [10] deter-
mined the permeability of cartilage as a function of water content.
According to their results, 2.0 - 107"* m*/(N - s) is approximately a
permeability corresponding to an equilibrium modulus of 1 MPa.

The displacements in the model were restrained at the cancellous border,

and prescribed to move 150 pm at the implant/gap interface (Fig. 2). For
the biphasic model, a nonlinear finite element solution was obtained with a
time step of 0.02 s using 25 iterations to reach the maximum deflection of
150 jum, and the same to return to the zero displacement position; thereafter
1 s of no loading was simulated using a 0.1 s time step. For the biphasic
model, considerable variation in the solution occurs depending on the
pressure and velocity prescriptions at the boundary. In the eventual
analysis, the fluid velocity was set to zero at the boundary of the
cancellous bone in the model, and the pressure was prescribed to be zero
at the distal end.
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Since the tissue in the peri-implant gap is undergoing tissue differenta-
tion, there is an interchange of mass between the fluid phase and the solid
phase (the solid phase consists of collagenous constituents and, for bone,
hydroxyapatite constituents). In this case the balance laws for a biphasic
mixture (see [7]) have to include terms relating to the reactive nature of the
mixture [11]. For the mixture as a whole, the balance equations for the mass
requires,

¢ +c=0 (2)

where ¢ denotes the rate of mass transfer per unit volume [kg - s'/m"] and
the superscripts denote solid and fluid, respectively. In addition to the

Stokes drag (denoted m), the balance of linear momentum must include
“reactivity” terms, i.e.

T+ 7l + pvt + plefvi = 0 (3)

where p denotes density and v denotes the velocity., For a homogeneous
medium,

= -n = K (v - V)

where K is the diffusive drag coefficient related to the permeability
(denoted k), as k = ¢}/K, where ¢, is the volume fraction of fluid [12]. The
terms in equation (8) have units of momentum per unit volume per unit
time. Finally, the first law of thermodynamics gives



e+ c“‘(as 4—%\7“- v")+ ¢ (af+%—vf- v’)+ e vien - vi=0

(4

where r denotes the heat production of the constituents and & denotes the
specific internal energy. Note that the bracketed terms of equation (4)
contain both the internal energy and the kinetic energy of the transferred
mass, and therefore assume that the new mass is energetically indistin—
guishable from the mass already present at that position in that phase.

The second law of thermodynamics for a reacting continuum has been
congidered by Truesdell [13] and by Kelly [11]. Entropy flows between
constituents are postulated to account for the self-organisational events in
the tissue [14]. Despite the evident importance of this hypothesig, it will
not be discussed in this paper.

Results

The osteogenic index [defined in equation (1) above] was calculated in
the gap tissue for both linear elastic and biphasic material descriptions. For
the biphasic material description it refers to the relationship between the
deviatoric and hydrostatic stresses in the solid phase only, so it is not an
apparent level quantity. Considering the linear elastic representation, the
osteogenic index was found to decrease across the gap (Fig. 3), and the
decrease was linear at the mid-section of the implant. The values calculated
in this study are numerically similar to those found by Carter [3] for a
fracture callus. With the biphasic representation, the variation was com-
pletely different because the solid tissue was deformed substantially by the
drag forces generated by fluid flow. Specifically, fluid flow occurs opposite
to the direction of implant motion, due to the pumping action of the
implant. The result is tissue deformation opposite to the direction of
implant motion, and exudation of fluid from the distal end of the gap.

100 r.OI kPa
- 80

60

40

20}

Lm

4.

1 1 1 A

0 0.002 0.004 Q.006
Fig. 3. Linear elastic tissue model: Osteogenic index in the gap tissue and a graph of osteo-
genic index as a function of radial distance from the implant surface, for the proximal
(-®-), middle (- - ~), and distal ( ) gap sections.

Puc. 3. JInnelino-ympyras MOjelnb: 3AaBHECHMOCT: OCTEOTGHEUECKOTo mafekca O MArkoll TKanH
OT pAagHANLEOre PACCTOANAM OT HOBEPXHOCTH mMmramrasra ! gaa Grmacaero (-@-), cpegmero
(- - ~} 1 ynamemsoro ( } ceueRmmii.
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Fig. 4. Biphasic tissue model: Osleogenic index in the gap tissue and a graph of osteogenic
index as a function of radial distance, 0.5 (-@-); 1.0 (- - -); 1.5 8 (
{mid-section only reported).

) in the loading cycle

Puc. 4. Npyxbassast MofeJb TRAHA! 3aBHCHMOCTE OCTeorenmveckoro mojexca O msrkoit Tra-
HE OT PAAEASLHONO PACCTOSIIAS OT HNOBEPXHOCTH HMINARTANTA [ B CiIejyIome MOMeHTH IH K~
Jaa marpyscennsa: 0,5 (-@-), 1,0~ ~-ymr 1,h e

} (OTTOCHTEST TONBRO X CPEANEMY CeYCHHID).

Therefore, whilst the tissue attached to the implant moved the full 150
i, the tissue further into the gap was forced (due to fluid drag) to displace
in the opposite direction. This explains the different osteogenic index values
calculated for the biphasic tissue representation. Furthermore, due to the
nonlinear nature of the biphasic effect, the osteogenic index varied during
the load cycle (Fig. 4).

The velocity of the fluid was calculated to ascertain whether or not the
momentum transfer due to the change in velocity is largely relative to the
momentum transfer due to the change in mass. The velocity of the fluid
relative to the solid in the axial direction reaches a maximum value of
approximately 1.25 pms™ (Fig. 5). Therefore, an estimate of the momentum
supply to the fluid phase is given by

| , 1 . b
“’:K(V’—V)*W-lﬂ-‘i- 10°~ 6.25- 10° kg m™. s

Fig. 5. Fluid velocity vs, time, for a gsam-
pling position midway down the implant
- and halfway across the gap.

Puc. 5. BapucEMOCTL OTHOCHTCABHON CHO-

POCTH HAKOCTE Uy OF BPEMEHH ¢ XIPH TeC-

THPOBAHEH HA MOJNYAIRIE K EMILIARTANTY &
TOCPEeNHIE 3a30DA.




An estimate of the momentum supply to the mixture due to reactivities
fi.e. the third and fourth components of equation (3)] can be obtained by
considering that, in this particular experiment, fibrous encapsulation by
fibrous connective tissue was observed after four weeks (i.e. approximately
2.4 - 10° 8) when the implant was under no micromotion. Assuming a linear
rate of mass formation and approximating the density as 1000
kg - m™, and, from equation (2) ¢ = ¢* = -¢/, we can approximate the sum
of the reactivity terms as

pc (V' = v/) ~ 1000/(2.4 - 10%- 1.25- 10°~ 5.2- 10° kg - m™2- s2.

In this way, it is shown that the terms due to reactivity are much smaller
than those due to mechanical momentum transfer (Stokes drag) and can
therefore, as a first approximation, be neglected in this analysis. We return
to this important point in the discussion.

Discussion

Before discussing the results, we must acknowledge that any mathemati-
cal model of morphogenesis must be riddled ith simplifications because of
the extreme complexity of the morphogenetic process. The benefits of a
biphasic material approach over an elastic material approach might seem
obvious at first since the tissue contains both collagenous solids and blood
as well as water fluids. However, the elastic ostogenic index [3] and the
accompanying arguments about cell shape [5, 15] have allowed quantifica-
tion of the role of mechanical factors in morphogenesis and skeletal
regeneration. The present results additionally show that the osteogenic
index might not be linked in any direct way to the forces acting on
mesenchymal cells, or any precursor cells, that are transported in the fluid.
Even for cells lodged in the solid phase of the fibrous tissue, such as
chondrocytes or fibrocytes [16], the flow of the fluid can significantly alter
the deformation of the solid due to Stokes drag forces — though this result
must be taken tentatively given that the permeability of the peri-implant
fibrous tissue has not yet been measured. Recent work has shown that this
conclusion could hold true in other biomehanical systems [17].

To what extent does the biphasic finite element model developed in this
paper repi'esent the actual structural behaviour of the implant/gap/cancel-
lous bone system? The geometry is well defined, but the boundary conditions
and material properties can only be approximated at this stage. We have
assumed that no fluid flow occurs into the volume under analysis, i.e. that
sufficiently far into the cancellous bone, there is no effect of the implant.
This assumption seems to be a good one if the cancellous bone is clogged
with marrow at some distance away from the cancellous bone/fibrous tissue
junction. However, if the gap tissue vascularises, the system will no longer
be closed with respect to mass. Angeogenesis may occur, and arteries and
veins will traverse this boundary creating fluid flows into the system.
Regarding material properties, the gap tissue has been analysed histologi-
cally, and found to be either fibrous connective tissue or fibrocartilage or
a mixture of the two [8]. The permeability of this tissue has not been
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measured, however, aud this is a serious limitation to the present analysis.
For the moment, we rely on the values measured for cartilage as a function
of Young's modulus and water content [10].

The different osteogenic index in the biphasic material model arises
because the deformation of the tissue is not linear across the gap. The result
is that the maximum shear strains occur near the implant surface and the
bone surface cé(using the osteogenic index to be large there, and to have a
minimum near the centre of the gap. It is noteworthy that tissue develop-
ment begins on these surfaces in reality (see Sgballe [8]). On the other hand,
the elastic material model obviously predicts constant decrease in shear
across the gap resulting in a similar constant variation of the osteogenic
index. Thus, the osteogenic index prediction seems to work best when the
tissue is modelled as a biphasic material.

The bip')hqsic approach to tissue modelling presented in this paper is
analogous to the bone remodelling approach which models the tissue as a
control system of a solid and a fluid 'perfusant’ (Cowin and Hegedus [18]).
In bone remodelling, it is assumed that the foreces of interaction between the
components of the tissue are small compared with the forces in the solid
component. The tissue morphogenesis analysis presented in this paper
differs from the bone remodelling analysis since, for example, the
fluid/solid interaction has a significant importance and is accounted for;
and the whole system is considered closed with respect to mass — i.e. any
new collagenous tissue generated must come from the materials present in
the fluid and precursor tissues whereas the mass balance of adaptive
elasticity theory [18] does not account for the 'prefusant’. No momentum
of energy crosses the boundary except the one introduced mechanically due
to the motion of the implant. Since the time required for fibrous encapsu-
lation of the peri-implant gap was determined experimentally, we have been
able to approximate the fluid-to-solid mass exchange rate and thus calcu-
late values for the last two terms of equation (8). It is seen that, when the
rate of tissue formation is assumed linear, the momentum transfer due to
reactivity is negligible. Some further discussion is needed on this point
because, in truth, the tissue formation rate is unlikely to be linear. Instead,
morphogenesis most likely proceeds as a series of “bursts” or “local
explosions” where the mass transfer rate between phases is, for some brief
period of time, very high. If this were to be true, then the reactivity terms
of equation (3) might be important determinants of the partial stresses of
the solid and fluid phases. It is possible that these ‘explosions’ might
originate from mechanical energy released from microdamage of the col-
lagenous network. This could initiate a remodelling response in a process of
attuning the tissue to its mechanical environment [19].

The work presented here assumes a technological significance for the
design of load bearing implants. Very complex stress patterns occur at the
junctions between implant and bone, and these complex stresses are respon-
sible for a host of failure interactions [20]. In particular, fibrous tissue
formation occurs on the bone/implant interface of intramedullary fixated
implants. The rational design of these load bearing structures will eventu—
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ally require a method for analysis and prediction of fibrous tissue forma-
tion. The present approach is offered as a promising basis for such analysis.
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