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Magnitudes of local stress and strain along bony surfaces predict the
course and type of fracture healing
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Abstract

A new quantitative tissue differentiation theory which relates the local tissue formation in a fracture gap to the local stress and
strain is presented. Our hypothesis proposes that the amounts of strain and hydrostatic pressure along existing calcified surfaces in the
fracture callus determine the differentiation of the callus tissue. The study compares the local strains and stresses in the callus as
calculated from a finite element model with histological findings from an animal fracture model. The hypothesis predicts intramem-
branous bone formation for strains smaller approximately + 5% and hydrostatic pressures smaller than + 0.15 MPa. Endochondral
ossification is associated with compressive pressures larger than about — 0.15 MPa and strains smaller than + 15%. All other
conditions seemed to lead to connective tissue or fibrous cartilage. The hypothesis enables a better understanding of the complex
tissue differentiation seen in histological images and the mechanical conditions for healing delayed healing or nonunions. © 1999

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Flexible fixation of long bone fractures results in the
formation of periosteal callus. The biomechanical func-
tion of the callus is the reduction of the initial movement
to such an extent that the bone fragments can unite with
bony bridges. This is achieved by enlarging the cross-
sectional area of the bridging tissue and its mechanical
stiffness. The osteogenic potential, influenced by blood
supply, hormones, or growth factors (Brand and Rubin,
1987; Hulth, 1989) and the biomechanical conditions at
the fracture site (Brand and Rubin, 1987; Hulth, 1989;
Kenwright et al.,, 1986; Rhinelander, 1979) are the two
most important factors guiding the healing process.
Given a sufficient vascularity, the course of fracture heal-
ing seems to be mainly influenced by the interfragmen-
tary movement determined by the applied load and the
stability of the fixation (Claes et al., 1995a; Goodship and
Kenwright, 1985; Kenwright and Goodship, 1989; Per-
ren, 1974; Schenk, 1986). However, the amount of inter-
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fragmentary movement that would optimize the healing
process and avoid failures is still not known.

Following a fracture, hematoma occurs which devel-
ops a granulation tissue (Frost, 1989; Willenegger et al.,
1971). Typically the new bone formation in this “soft
callus” starts at the periosteal and endosteal surface of
the cortical bone at some distance from the fracture
(Einhorn, 1995). This bone formation proceeds in the
direction of the fracture gap (Ashhurst 1986; Brighton,
1984; McKibbin, 1978; Sevitt, 1981; Fig. 1). Intramem-
branous bone formation can be observed adjacent to
zones of endochondral ossification (Fig. 6¢). In the late
stage of callus healing only a small gap of nonossified
tissue separates the callus wedges. It contains a variety of
tissue types including fibrocartilage, cartilage, granula-
tion tissue, intramembranous bone and calcifying carti-
lage (Figs. 1b,c, and 6¢).

Pauwels (1960) developed a theory for the tissue differ-
entiation in response to the local mechanical stresses. He
hypothesized that deviatoric stresses, which are always
accompanied by strain in some direction, are a specific
stimulus for the formation of fibrous connective tissue
or bone. Hydrostatic stresses on the other hand are
responsible for the formation of cartilaginous tissue.
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Fig. 1. (a) Schematical drawing of callus formation under flexible fixation of a fracture. The arrows indicate the direction of bone apposition.
(b, ¢) Longitudinal histological sections of callus formation nine weeks p.o. in two sheep metatarsal. Zones of fibrocartilage (violet) remain in the
middle of the periosteal callus. Bone healing occurs in this zone by endochondral ossification. In the most peripheral part of the periosteal callus and in
the endosteal area, callus formation occurs by intramembranous bone formation. The osteotomy gap still remains fibrous tissue and does not show

a complete bony bridging.

The knowledge of the stresses and strains on cells in
a fracture callus tissue and their influence on cell differen-
tiation would lead to a better understanding of the mech-
anically controlled tissue differentiation process and
could help to improve fracture treatment. However, it is
not possible to determine the stresses and strains of the
cells in a fracture callus in vivo. To estimate the local

tissue strains and stresses in a fracture callus we em-
ployed the finite element method (FEM).

Several research groups (Ament et al, 1994; Beaupre
et al., 1992; Biegler and Hart, 1992; Blenman et al., 1989;
Carter et al., 1988; Cheal et al., 1991; DiGioia et al., 1986,
1995) have analysed the local mechanical situation in the
fracture callus or in the fracture gap by the finite element
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method. Carter et al. (1988) developed a new tissue differ-
entiation theory, which correlated new tissue formation
with the local stress histories. The tissue differentiation
theories of Carter et al. Blenman et al. Beaupre et al. only
qualitatively and not quantitatively described the rela-
tionship between the ossification pattern and the loading
history. All research groups used the strain energy den-
sity or the stress invariants, like dilatational stress or
deviatoric stress to quantify the local mechanical stimuli.
They did not investigate the actual local deformation, in
terms of local strain or stress components and did not
predict the type of tissue formation resulting from these
mechanical signals.

Our hypothesis proposes that new bone formation in
fracture healing occurs primarily along fronts of existing
bone or calcified tissue and that the type of bone healing
(intramembranous or endochondral) depends on the local
strain and stress magnitudes. The following study tests this
hypothesis by comparing the calculated local strains and
stresses in callus tissue based on a FEM study with his-
tological findings from an in vivo study (Claes et al.,, 1995a).

2. Materials and methods
2.1. Animal model

The effect of interfragmentary movement on fracture
healing was investigated in an animal experiment on
sheep. The sheep underwent a standardized transverse
osteotomy of the right metatarsal. The osteotomy was
stabilized by a specially designed external ring fixator
(Claes et al., 1995a) which provided extremely high be-
nding and torsional stiffness while allowing axial move-
ments through a telescoping system. Weight bearing in
the operated limb produced an axial telescoping corres-
ponding to a controlled interfragmentary movement.
Maximum axial movement was controlled by an adjust-
ment nut set to a given depth. The change of interfrag-
mentary movement by callus formation was monitored
weekly by a displacement transducer placed between the
distal and proximal fixator frame. The signal was trans-
mitted telemetrically to a personal computer (Claes et al.,
1995a). The study was approved according to relevant
laws and regulations by the government review board
(Regierungsprasidium Tiibingen, No. 407). The finite ele-
ment models were based on a group of seven sheep with
3mm gap size and 1 mm interfragmentary movement.
For the labeling of newly formed bone, calcein green was
injected 4 weeks post operative (p.o.) and reverin 8 weeks
p.o. All animals were killed at 9 weeks p.o. Undecalcified
bone histology was prepared with paragon surface stain-
ing. Using fluorescence microscopy the polychrome se-
quential bone labelling was documented and analysed.
The results were presented elsewhere (Augat et al,
1994a,b; Claes et al., 1995a, 1997).

2.2. Finite element model

Three two-dimensional axisymmetric finite element
(FE) models were generated using ANSYS version 5.2
(CAD-FEM, Munich, Germany). Each model represents
one specific healing stage. The first model reflects the
morphology occurring one week after fracture. The sec-
ond and third model describe the fourth and eighth
healing week, respectively. The basic overall geometry of
the cortex and the callus region is identical for all three
models. Tissue differentiation and gradual stiffening of
the callus tissue are the fundamental processes of second-
ary fracture healing. These processes were simulated by
changing the element material properties from one stage
to the next. The characterization of the histomorphologi-
cal sequence of the healing process and the types of tissue
involved were based on the previously described animal
study (Claes et al., 1995a). Based upon the histologic
sections we assumed that these three geometries repres-
ent typical ossification patterns (Fig. 4).

Fig. 2a shows the geometrical dimensions of one-quar-
ter of the finite element model of the callus. We assumed
a rotational symmetry along the long bone axis (y) and
mirror-image symmetry through the plane of the os-
teotomy (x) and, therefore modelled only one-quarter of
the total geometry. Seven distinct regions were modelled
(Fig. 2b). Axisymmetric 8-node elements were used. Ap-
proximately 5000 elements were utilized in each healing
stage, the number of nodes was about 15 000 (Fig. 3). For
verifying the finite element study and testing the conver-
gence, we performed three additional finite element stud-
ies and varied the number of elements (5000 or 9000
elements) and the element type (four-node or eight-node
element). We evaluated the strain and hydrostatic pres-
sure in the elements which are located directly under the
cortical fragments and show the highest strain and hy-
drostatic pressure values. There were only small differ-
ences in the strain and pressure values between the 9500
eight-node study and the 5000 eight-node study.

To describe progressive stiffening of the callus, we
assumed five tissue types differing in their elastic material
properties (Table 1). The tissue material properties were
obtained from indentation tests on tissue sections from
different callus regions (Augat et al, 1996) and were
similar to values taken by others (Biegler and Hart, 1992;
Davy and Connolly, 1982).

In the initial healing stage, the callus consisted only of
connective tissue (Fig. 4a). The second model contained
callus of intermediate stiffness in a small region along the
periosteum, and soft callus tissue adjacent to it, while the
remainder consisted of initial connective tissue (Fig. 4b,
about 4 weeks p.o.). In the third model the callus tissue
contained five tissue types: initial connective tissue, soft
callus, intermediate stiffness callus, stiff callus and chon-
droid ossification zone (Fig. 4c). Isotropic material be-
haviour was assumed for all tissue types.
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Fig. 2. (a) Geometrical dimensions of one quarter of the FE-model of
the callus region. (b) Identification of the different callus regions.

Initially a fracture callus exhibits a rubberlike behav-
iour when tested mechanically: it has low strength, low
stiffness, and large elongation (Brighton, 1984). There-
fore, to describe the initial connective tissue we used
the nonlinear hyperelastic Mooney—Rivlin Potential
(ANSYS User’s Manual, vol. IV). For all other tissue
types, we idealized the tissue behaviour by material lin-
earity (Hooke’s Law).

Sussman and Bathe (1987) introduced a displace-
ment—pressure (u/p) finite element formulation for the
nonlinear analysis of compressible and almost incom-
pressible solids. In this special formulation the displace-
ments and hydrostatic pressure, normally computed
from the displacement field, are calculated by separate

axial load
500 N

boundary conditions

Fig. 3. Finite element model: mesh, loading and boundary conditions
(quarter model).

Table 1
Material properties of the different tissue types involved in the fracture
healing process

Tissue type Young’s Poisson Mooney—Rivlin
modulus ratio constants
(MPa)
Initial connective ICT 3 0.4 0.293
tissue 0.177
Soft callus SOC 1000 0.3 —
Intermediate stiffness MSC 3000 0.3 —
callus
Stiff callus SC 6000 0.3 —
Chondroid ossification COZ 10 000 0.3 —
zone
Cortex C 20 000 0.3 —
Fascie F 250 0.4 —

interpolations (ANSYS User’s Manual, vol. III). The u/p
formulation starts with a modified potential that explicit-
ly includes the pressure variables:

1 —\2
W4Q=W = (- D

where W is the original potential, here the Mooney—
Rivlin potential, Q the energy augmentation due to
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Fig. 4. Material properties and ossification paths for the three modelled healing stages (for description of the various abbreviations see Table 1):
(a) first stage (~ 1 week p.o.); (b) second stage ( ~ 4 weeks p.o.); (c) third stage (~ 8 weeks p.o.).

volume constraint condition, k the bulk modulus, p the
pressure obtainable from W alone, p the separately inter-
polated pressure (hydrostatic pressure).

The u/p finite formulation was only employed for calcu-
lating the stresses and strains in the initial connective tissue.

The metatarsals of the sheep were loaded with an axial
force of approximately 500 N as shown by gait analysis
and analytical calculations (Duda et al., 1998). Accord-
ingly, in our models the cortex was loaded with an axial
force of 500 N (Fig. 3). The boundary conditions were as
follows: the displacement degree of freedom (DOF) of the
nodes on the x-axis in the y-direction were set to zero;
the displacement DOF in the x-direction of the nodes on
the y-axis were restricted (gray arrows in Fig. 3).

For the first verification of our results, we compared
the temporal decrease of the interfragmentary movement
in the in vivo animal study with the results of our FE
study. Then we determined the global strain field and the
global hydrostatic pressure distribution for all three

14+
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Fig. 5. Course of interfragmentary movement (IFM) versus healing time
of an osteotomy of a sheep metatarsus with 3 mm osteotomy gap and
1.2 mm initial IFM compared with the calculated IFM by the FE-
model.
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healing stages. For each healing stage we calculated
the local strain components and the hydrostatic
pressure along the ossification paths (Fig. 4). The cal-
culated results were compared with the histological
sections of callus specimens from the in vivo study
(Claes et al., 1995a). The endosteal regions were not
analysed because the endosteal bone formation
appears to be guided by biological factors rather
than mechanical factor (Einhorn, 1993; McKibbin,
1978).

3. Results
3.1. Animal experiment

The interfragmentary movement (IFM) decreased with
increasing healing time by increasing callus cross section
and callus stiffness (Claes et al., 1995a). Fig. 5 shows
a typical curve for a sheep with a gap size of 3 mm and an
IFM of 1.2 mm. After 1 week the IFM was 1.16 mm and
after 8 weeks the IFM reached values below 0.1 mm

Fig. 6. Longitudinal section through the lateral callus of sheep metatarsal after osteotomy and external fixation, 9 weeks postoperatively.
(a) (b) Fluorescence light microscopy of the callus of two individual sheep demonstrating two phases of callus formation; (green: calcein green (4
weeks); yellow: reverin (8 weeks)). Red lines indicating the border line of bone formation at 4 and 8 weeks corresponding to the analysed path lines of
the FEM study. The callus in the left picture shows already bony bridging whereas in the right picture a fracture line is still visible. (c) Higher
magnification of a remaining fracture gap with both types of bone healing; intramembranous bone formation (at the right) and endochondral

ossification (in the centre), (paragon staining, magnification 75 times).
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which is in the range of the precission of the measurement
system (Claes et al., 1995a).

The paragon stained sections (Figs. 1b, 1c, and 6¢)
showed a remaining gap filled with connective tissue and

(a)

) 74%to 5%
N -5%to 5%
. 5% to 110%

(b)
= -124% lo 5%
EE 5%1lo5%
- 5%t 15%

(c)
T 17410 -0.15 MPa

mm -0.15t0 0.15 MPa
. 0.15t0 0.6 MPa

fibrous cartilage at the level of the osteotomy. The flu-
orescence images (Fig. 6a,b) showed the sequence of new
bone formation in the callus with green labelling at
4 weeks (calcein green) and yellow labelling at 8 weeks
(reverin). Bone formation increases in diameter towards
the osteotomy gap (Fig. 6a,b).

At 9 weeks both types of bone healing, intramem-
branous bone formation and endochondral ossification
(Fig. 6¢) occur simultaneously, but at characteristic loca-
tions. Intramembranous bone formation leads first to
bridging of the fracture gap at the periphery, while en-
dochondral ossification replaces the remaining fibrocar-
tilage in the central region progressively and finally
closes the fracture gap in the periosteal callus area (Figs.
1b,c, 6a,b,).

3.2. Finite element model

Good agreement between the amount of reduction of
IFM in the in vivo study and the FE-study (Fig. 5) was
observed. In the FE-study, we calculated an IFM of
1.3 mm for the first healing stage (in vivo 1.16 mm), an
IFM of 0.62 mm for the second stage (in vivo 0.72 mm)
and an IFM of 0.62 mm of 0.2 mm for the last healing
stage (in vivo 0.09 mm).

The comparison of the histological tissue distribution
and calculated strain and hydrostatic pressure fields led
us to investigate the following characteristic areas.

Areas of low ( < + 5%) and high ( > + 5%) transverse
(x) and longitudinal (y) strain:

In the first healing stage all areas along the periosteal
and endosteal surface (Fig. 7a and b: dark gray regions)
showed low strains. Around the cortical edges (Fig. 10a:
path 0-1) and the cortical gap we found large strains (Fig.
7a and b).

In the second healing stage low strain was calculated in
the bony callus and at the peripheral surface of the newly
formed bone (Fig. 8a and b: dark grey regions, Fig. 10b:
path 5.6-6.6). Similar conditions were found for a small
area near the periosteum (Fig. 10b: path 0-0.2) and for
the endosteum (Fig. 8a and b). Higher strains were com-
puted for the cortical gap and at the periosteal callus
front (Fig. 8a and b).

In the third healing stage low strains were found in the
most peripheral part of the periosteal callus (Fig. 9a and
b: dark grey regions, Fig. 10c: path 6.6-6.8) and in the

<

Fig. 7. First healing stage: global distribution of strain and hydrostatic
pressure fields: (a) strain in x-direction (%), (negative strain means
a reduction, positive strain means an increase in x-direction); (b) strain
in y-direction (%), (negative strain means a reduction, positive strain
means an increase in y-direction); (c) hydrostatic pressure (MPa),
(negative hydrostatic pressure means a reduction of the volume, posit-
ive pressure means an expansion of the volume).
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whole endosteal region. Strains were relatively high
(> 10%, Fig. 9b: light grey regions, Fig. 10c) in longitu-
dinal direction at the centre of the remaining periosteal
callus surface.

Areas of low ( < £+ 0.15 MPa) and high (> + 15 MPa)
hydrostatic pressure:

In the first healing stage the major part of the perios-
teal callus volume and whole periosteal surface showed
low pressures (Fig. 7c, Fig. 10a, path 1-9.6). Higher
pressures were observed endosteally near the cortical gap
and around the cortical edges next to the cortical gap. In
the second healing stage low hydrostatic pressure was
calculated for the peripheral part of the periosteal callus
(Fig. 8c, Fig. 10b, path 3-6.6) whereas high pressure
values occurred in the remaining soft tissue gap. The
third healing stage showed similar conditions with
low pressures at the periphery of the periosteal callus
(Fig. 9c, Fig. 10c, path 5-6.8) and high pressure at the
remaining soft tissue gap. Another small region of low
pressure was found next to the cortical edge at the perios-
teum (Fig. 9c¢).

The comparison of typical locations of intramem-
branous bone formation and endochondral ossifications
with the calculated strain and hydrostatic pressure al-
lowed us to describe the following mechanical conditions
for the various types of bone healing.

Region A (Fig. 11) with a surface strain < + 5%, a hy-
drostatic pressure < + 0.15 MPa, and intramembranous
bone formation. These conditions were calculated at the
following locations: In the first healing stage at the per-
iosteum in some distance from the osteotomy gap (from
path value 1 to the end of the path, Fig. 10a); in the
second and in the third healing stage at the peripheral
part of the periosteal callus (from 5.6 to 6.6, Fig. 10b and
from 6.6 to 6.8, Fig. 10c) and at the periosteal edge of the
cortical gap (from 0 to 0.2, Fig. 10b).

Region B with surface < + 15%, negative hydrostatic
pressure values greater than —0.15 MPa (Fig. 11), and
endochondral ossification (Fig. 6b): The first healing
stage showed no regions with these specific mechanical
conditions. In the second healing stage these conditions
were found between path value 0.2 and path value 2.8
(Fig. 10b) and in the third stage from the beginning of the
path to path value 4.9 (Fig. 10c). For all other mechanical
conditions connective tissue or fibrous cartilage was
found in the histological section. Fibrous cartilage was
mainly seen in areas with high compressive hydrostatic
pressures larger than —0.15 MPa.

<
Fig. 8. Second healing stage: global distribution of strain and hydros-
tatic pressure fields. (a) strain in x-direction (%). (b) strain in y-direc-
tion (%). (c) hydrostatic pressure (MPa).




L.E. Claes, C.A. Heigele | Journal of Biomechanics 32 (1999) 255-266 263

(a)

1 6%to-5%
m 5%t 5%
Il 5%to 15%

(b)

0 -25%to 6%
5%t 5%
mm  5%to 15%

3 -0.61to-0.15MPa
mm -0.15t00.15 MPa
mm 0.15t0 0.5 MPa

4. Discussion

Our hypothesis that the amount of strain and hydros-
tatic pressure along the calcified surface in the callus are
the determinant factors for the differentiation of the cal-
lus tissue was supported by the results of this FE
study. The comparison of the local strains and hydros-
tatic pressures along the ossification paths with typical
histological images, allowed us to attribute intramem-
branous bone formations, endochondral ossification as
well as the occurence of fibrous cartilage and connective
tissue to specific mechanical conditions (Fig. 11).

The characterization of mechanical conditions that
determine the tissue differentiation was primarily based
on histological studies. Regardless of individual differ-
ences in callus formation (Fig. 1b,c and 6a,b) there is still
a typical pattern of the tissues involved in bone healing
(Fig. 6). Several histological studies have demonstrated
that calcification and new bone formation occurs only at
existing calcified surfaces (Claes et al., 1955b; Johner,
1972; Johner, 1972; Schenk, 1986; Sevitt, 1981).

We found that intramembranous bone formation was
only occurred at low strains and low hydrostatic pres-
sures. These findings are supported by studies performed
on stable drill hole defects. Starting at the drill hole
surface only intramembranous bone was formed (Claes
et al., 1995; Johner, 1972). FEM studies based on these
models showed very low strains (maximum 0.08%) and
hydrostatic pressure (maximum —1.3 kPa) in the drill
hole defect (Heigele and Claes, 1997).

For an intramembranous bone formation by osteoid
apposition from osteoblasts, a mechanical environment
is required that promotes osteoblast activity and prolifer-
ation. Our hypothesis of 5% surface strain as a critical
strain amplitude for intramembranous bone formation
seems to be in accordance with in vitro studies on osteo-
blasts. Cell culture osteoblasts tried to avoid surface
strains larger than 4% by turning away from the princi-
pal strain axis (Neidlinger-Wilke et al., 1994).

While high hydrostatic pressures above 0.2 MPa seem
to be disadvantageous for bone cells (Ozawa et al., 1990;
Seidl et al., 1997), these pressures are not detrimental for
chondrocytes. In an epiphyseal growth plate, i.e. en-
dochondral ossification occurs under pressures of about
0.25-1.0 MPa (estimated by loading and cross-sectional
area of a growth plate of a young sheep). Therefore,
a compressive hydrostatic pressure of about 0.15 MPa
might be the critical value that guides the cell differenti-
ation either to an osteoblast or a chondrocyte, or that
directs the tissue differentiation either to an intramem-
branous or an endochondral ossification.

<«
Fig. 9. Third healing stage: global distribution of strain and hydrostatic
pressure fields: (a) strain in x-direction (%); (b) strain in y-direction
(%); (c) hydrostatic pressure (MPa).
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Fig. 10. Calculated strains (s,.¢,) and hydrostatic pressures (HP) along the bony surfaces (ossification paths): (A) surface of intramembranous
ossificationand ¢ < + 5%, HP < + 0.15 MPa; (B) surface of endochondral ossification and ¢ < + 15%, HP < — 0.15 MPa. (a) First healing stage

(I); (b) second healing stage (II); (c) third healing stage (I1I).

The characteristic fields of global strain and hydros-
tatic pressure (Figs. 7-9) showed that in each healing
stage the callus tissue exhibits areas with very low and
very high mechanical distortions. Therefore we also
believe like DiGioia et al. (1986) and Cheal et al. (1991)
that it is not adequate to use only the interfragmentary
strain (Perren and Cordey, 1980) for describing the tissue
response in the fracture callus region.

Our results regarding the global strain and hydrostatic
pressure fields (Figs. 7-9) correlate well with the principal
results of Carter et al. and Beaupre et al. (Beaupre et al.,

1992; Carter et al., 1988). For the loading conditions
chosen by Carter et al. (1988) for the first healing stage we
calculated similar results. However, in contrast to their
work our theory is based on the assumption that new
bone formation only occurs on existing bony surfaces
and under defined ranges of strain and hydrostatic pres-
sure. Furthermore they have not analysed the mechanical
situation quantitatively in terms of strain and pressure.

An investigation based on a finite element model gen-
erally has some limitations. The quality of a finite ele-
ment analysis strongly depends on important parameters
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Fig. 11. Hypothesis-based correlations between mechanical conditions and types of tissues in a fracture callus.

such as geometry, material properties or loading condi-
tions (Huiskes and Hollister, 1993). The geometry of
the cortex and the callus was grossly idealized. We be-
lieve that the presented callus geometry and its mechan-
ical properties are a representative approximation for
simple oblique diaphyseal fractures. To our knowledge
this was the first attempt to give quantitative boundaries
for the differentiation of specific tissue types. We are
aware that the limits may vary in a definite region and
depend on the applied loads and the specific material
properties.

We have presented a quantitative tissue differentiation
theory, which correlates new tissue formation with the
local mechanical stimuli. The local strains and the hy-
drostatic pressures within the different types of tissue
appeared to be consistent with histological results and
knowledge of mechanical effect on cells. The better un-
derstanding of the healing process may help us to explain
the reasons for different types of fracture healing, for
delay of healing, or nonunion. Likewise there is a possibi-
lity to improve and optimize internal fixation techniques.

To test the generality of this new tissue differentiation
theory further finite element studies are required. The
present study describes only three separate healing
stages. In future studies a progressive healing process can
be stimulated by iteratively changing the element mater-
ial properties.
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