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A numerical model of the fracture healing process that describes tissue development
and revascularisation
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A dynamic model was developed to simulate complex interactions of mechanical stability, revascularisation and tissue
differentiation in secondary fracture healing. Unlike previous models, blood perfusion was included as a spatio-temporal
state variable to simulate the revascularisation process. A 2D, axisymmetrical finite element model described fracture callus
mechanics. Fuzzy logic rules described the following biological processes: angiogenesis, intramembranous ossification,
chondrogenesis, cartilage calcification and endochondral ossification, all of which depended on local strain state and local
blood perfusion. In order to evaluate how the predicted revascularisation depended on the mechanical environment, we
simulated two different healing cases according to two groups of transverse metatarsal osteotomies in sheep with different
axial stability. The model predicted slower revascularisation and delayed bony bridging for the less stable case, which
corresponded well to the experimental observations. A revascularisation sensitivity analysis demonstrated the potential of
the model to account for different conditions regarding the blood supply.
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1. Introduction

Besides mechanical factors, the blood supply influences
the process of secondary fracture healing (Pauwels 1960;
Rhinelander 1968, 1974; Schweiberer and Schenk 1977;
Hulth 1989; Claes et al. 1998). Revascularisation, tissue
differentiation and local mechanical conditions depend on
one another in a very complex manner. The formation of
new bone tissue is only possible at locations with
appropriate blood supply. Avascular regions need previous
revascularisation before ossification processes can take
place. An insufficient blood supply leads to a delayed
healing or an atrophic non-union, even under appropriate
mechanical conditions (Schweiberer and Schenk 1977;
Perren and Rahn 1980). On the other side, a mechanically
unstable situation is known to hinder the revascularisation
process (Rhinelander 1974).

Numerical models of the fracture callus were developed
to predict the pattern of mechanical stimuli in the healing
tissue (Doblare et al. 2004), since it was not possible to
measure them. Constant finite element (FE) models (Carter
et al. 1988; Blenman et al. 1989; Cheal et al. 1991; Claes
and Heigele 1999; Loboa et al. 2001; Gardner and Mishra
2003) predicted stress and strain distributions at particular
healing stages of the fracture callus. Dynamic models
(Ament et al. 1994, 1995; Ament and Hofer 2000; Kuiper
et al. 2000; Bailon-Plaza and van der Meulen 2001, 2003;
Lacroix and Prendergast 2002a, 2002b; Doblare et al. 2004;

Geris et al. 2004, 2006, 2008; Gomez-Benito et al. 2005,
2006; Shefelbine et al. 2005; Isaksson et al. 2006a, 2006b,
2008; Garcia-Aznar et al. 2007) simulated the healing
processes time-dependently using iterative loops. In most of
these simulations, tissue differentiation and development
depended on local mechanical signals like strain invariants
(Bailon-Plaza and van der Meulen 2003; Doblare et al.
2004; Gomez-Benito et al. 2005, 2006; Garcia-Aznar et al.
2007; Isaksson et al. 2008) or the strain energy density
(Ament and Hofer 2000). Poroelastic models used fluid
velocity (Lacroix and Prendergast 2002a; Isaksson et al.
2008) or fluid shear stress (Kuiper et al. 2000) as mechanical
stimuli in addition. Some models included biological factors
like local concentrations of growth factors (Bailon-Plaza
and van der Meulen 2001, 2003; Geris et al. 2006, 2008) or
concentrations of different cell types (Bailon-Plaza and van
der Meulen 2001, 2003; Lacroix and Prendergast 2002a,
2002b; Gomez-Benito et al. 2005, 2006; Garcia-Aznar et al.
2007; Geris et al. 2008; Isaksson et al. 2008). One approach
also predicted callus growth in models with a changing FE
mesh geometry using a thermoelastic analysis (Kuiper et al.
2000; Doblare et al. 2004; Gomez-Benito et al. 2005, 2006;
Garcia-Aznar et al. 2007).

Most numerical models did not account for time-
dependent revascularisation of the fracture callus, which
is an important factor for osseous healing (Rhinelander
1974; Hulth 1989). One approach (Ament 1997) defined
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avascular and vascular tissue types, but did not include the
vascularity as a separate state variable. This is necessary
for modelling clinically relevant cases, such as compro-
mised revascularisation due to peripheral soft tissue
damage. Geris et al. (2008) developed a bioregulatory
model based on the model of Bailon-Plaza and van der
Meulen (2001) and made important extensions to describe
angiogenesis interacting with other biological variables
(growth factors, cell and tissue concentrations). Mechan-
ical factors have not been included in this model.

Therefore, the aim of this study was to develop a
dynamic mechanobiological fracture healing model that
describes revascularisation in addition to tissue differen-
tiation, using a spatio-temporal state variable to represent
the local blood supply. Specifically, we wanted to evaluate
(i) how predictions of revascularisation and tissue
differentiation depend on differences in mechanical
conditions at the fracture side. Additionally, we wanted
to evaluate (ii) the sensitivity of model predictions to
changes in the revascularisation parameters. Therefore, we
simulated the healing of a diaphyseal osteotomy in an
ovine metatarsus of two groups of different axial stability.
We varied the revascularisation rate and calculated the
course of interfragmentary movement (IFM). Predicted
IFM were compared with measured movements of
previous experiments in sheep (Claes et al. 1997) to
confirm our model assumptions and to identify an
appropriate revascularisation rate.

2. Materials and methods

The numerical model described the healing process in time
t and space x using three main state variables:

Blood perfusion
C(x, 1) = | Cartilage concentration

Bone concentration

Cperf(&a t)
= | Ceanx, 1) |. (D

Chone (E; t)

The space was limited to a constant healing domain ()
representing the potential fracture callus area.

(1) Blood perfusion cpes(x,t) was introduced as a state
variable to enable the simulation of the complex
interactions between revascularisation and tissue differen-
tiation processes. It was designed to describe the extent of
the local blood flow, providing the cells with oxygen,
nutrients and growth factors, and enabling the transport
of metabolic waste. This scalar variable was limited to
values from 0% (no perfusion) to 100% (optimal for bone
formation).

A changing mixture of the three basic tissue types
(soft tissue, fibrocartilage, and woven bone) described the
tissue differentiation processes within the healing domain.
We used the local volumetric tissue concentrations of (2)
fibrocartilage c.. (X, 1) and (3) woven bone cpope (X, 1) as
main state variables, whereas the soft tissue concentration
Csoft(X, ) Was just the complement to the sum of the other
tissue concentrations to achieve 100%:

Zcm < 1, tiss = (soft, cart, bone). 2)

tiss

The evolution of the state variables C was in principle
modelled as an initial value problem

aC
o5~ LG SE P 3)
t —
mechanics
e

Biological processes

where the change in perfusion and tissue concentrations
could be calculated from a complex functional f depending
on the current state C of the tissue and the local mechanical
stimuli S. The stimuli vector S itself is also a complex
functional, the solution of a boundary value problem (of
elasticity) depending on the current tissue distribution C
and the musculoskeletal load F. This is the mechanical
part of the model. We solved it using the FE method
(see Section 2.1 for more details). Because analytical
expressions were not available for all mechanobiological
processes, a rule-based method, i.e. the Fuzzy Logic, was
chosen to describe the functional f (see Section 2.2 for more
details). )

In addition, the solution C(x,t) had to fulfil initial
conditions at the starting time (#, = 0):

C€(0,0) = Cpy () “

and boundary conditions at the boundary I" at x = x (see
Section 2.2 for more details):

C(t,xr) = Chouna()- &)

2.1 Mechanical part: FE model to determine the
mechanical stimuli

A FE model (ANSYS, available from: www.ansys.com)
described the mechanical behaviour of the fracture callus.
The 2D, axisymmetric FE model was based on a
standardised callus geometry (Claes and Heigele 1999)
of an ovine metatarsus with a transverse osteotomy. We
used the ‘axisymmetry option’ of the FE code instead of
plane stress or plain strain option to enable a more realistic
3D stress and strain state. The FE mesh of 3758 elements
represented one-half of a longitudinal section (Figure 1).
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Figure 1. FE model (2D, axisymmetrical) of a standardised
fracture callus geometry (callus stiffness k.., musculo-skeletal
load F, IFM u) with a nonlinear fixation (basic stiffness kg,
clearance c4 or cg for case A or B, respectively, return spring with
stiffness kye and pre-tension Fi.).

All FEs had linear elastic material properties. The
cortex elements consisted of compact bone (Table 1),
while the callus elements consisted of that changing tissue
mixture (see above). Consequently, each callus element
had its own material properties that were updated at each
time step based on the current tissue concentrations
and the properties of the pure tissues (Table 1). For the
element’s Young’s modulus E., we took the tissue
concentrations to the power of three as factors beside the
tissue moduli:

Eq = ZEtiss Czlﬂtisg' (6)

tiss

This equation is based on the experimental relation from
Carter and Hayes (1977), where the apparent compressive
modulus of trabecular bone specimens was proportional to

Table 1. Material properties of tissue types.

Young’s modulus, Ejg Poisson’s ratio,

Tissue, tiss (MPa) Vtiss
Cortical bone 10,000 0.36
Woven bone 4000 0.36
Fibrocartilage 200 0.45
Connective tissue 3 0.30

the cube of their apparent bone density. For the element’s
Poisson’s ratio v, we used a linear rule of mixture:

Vel = ZVtiss Cel tiss - (7)

tiss

Initially, the callus tissue elements consisted of 100% soft
tissue (0% cartilage and 0% bone).

Load and boundary conditions of the FE model were
based on the previous animal experiment (Claes et al.
1997). The model was loaded in axial direction by a force
of F = 500N, which represents the amplitude of the major
metatarsal loading during normal walking in sheep (Duda
et al. 1998). The FE model was supported in axial direction
at the distal end of the cortex. The nodes at the axis of
rotational symmetry were fixed radially.

The external fixator used in the previously performed
animal experiment (Claes et al. 1997) was designed to
easily allow an axial movement of the fragments up to a
predefined amount, while it was very rigid in all other
directions (Claes et al. 1995). We described the axial
nonlinear force—deflection behaviour (Figure 2) with a
spring system (Figure 1) mounted in parallel to the callus
consisting of a basic stiffness ky,s = 4600 N/mm, a
clearance element ¢ (adjustable), and a return spring
(stiffness ke = 20N/mm and pre-tension . = 100 N;
Claes et al. 1995).

Based on the tissue differentiation hypothesis of
Pauwels (1960), we determined two independent strain
invariants as mechanical stimuli

€0
S = [ 701 ®)

from the principal strains &, &,, €3 of each element: the
dilatational strain (hydrostatic strain) representing a

600
Case A
500 T
z / — —CaseB
£ |
~ 400
& / |
® 300 Kpes
S // I
S
g 200 1= |
if pre kret
L e - —
100 - -
= Cs
0 :

0 0.2 0.4 0.6 0.8 1 1.2 14
Interfragmentary movement u in mm

Figure 2. Nonlinear force—displacement function Fgy(u)
describing the mechanics of the external fixator (basic stiffness
kuas, clearance cp or cp for case A or B, respectively, return spring
with stiffness k., and pre-tension Fy.).
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volumetric change
1
g0 = 5(81 + &+ &3) )

and the distortional strain representing a change in shape

1
Yo = 2 \/(81 — &)’ +(e1 — &3)7 + (82 — £3)>. (10)

2.2 Biological part: fuzzy logic controller

Fuzzy logic (Fuzzy Toolbox in Matlab (v6.0 R12), The
MathWorks, Inc., Natick, MA, USA) was employed to
simulate the biological processes. A Mamdani-type fuzzy
logic controller (Mamdani and Assilian 1975; Kruse et al.
1994) predicted (deterministically) the changes in the
state variables

oC
6—7 = fuzzy controller[C, C,;, S] (11)

(change in perfusion, change in cartilage concentration,
change in bone concentration) depending on seven input
variables. These were the three state variables C
(perfusion, cartilage and bone concentration) themselves,
two state variables in adjacent elements C,; (perfusion
and bone concentration in adjacent elements) and the
mechanical stimuli S (dilatational and distortional strain;
Figure 3).

The fuzzy controller consisted of eight linguistic if-then
rules which described processes of angiogenesis, intra-
membranous ossification, chondrogenesis, cartilage calci-
fication, endochondral ossification and tissue destruction
(Table 2). Rules no. 1 and 2 represented angiogenesis of a
FE with respect to local mechanical stimuli and perfusion
of adjacent elements. Moderate strains and at least one
neighbouring element with the same or a higher perfusion
dictated an increase of the perfusion. A dilatational strain

| Dilatational strain |
|

| Distortional strain

of an amount that corresponds to a hydrostatic stress (in
connective tissue) larger than blood pressure was assumed
to hinder the revascularisation process. Rule no. 3
described the intramembranous ossification. Areas with
low mechanical stimuli and sufficient blood perfusion
increased in bone concentration if at least one adjacent
element had a high bone concentration. Rule no. 4
described chondrogenesis, which was possible with higher
mechanical stimuli and low perfusion. Rule no. 5
represented the cartilage calcification, which occurred in
the presence of higher mechanical stimuli and indepen-
dently from perfusion. For the sake of simplicity, the
increase of stiffness due to calcification was modelled with
an increase of bone concentration and a decrease of
cartilage concentration. Endochondral ossification (Rule
no. 6) could occur under medium or high blood perfusion.
Only completely calcified cartilage, which was character-
ised in our model by a high concentration of bone and a low
concentration of cartilage, could undergo endochondral
ossification. The rule, when active, predicted not only an
increase in bone concentration but also a decrease in
cartilage concentration of the same amount. Rules no. 7 and
8 modelled tissue atrophy due to mechanical overloading.
When active, these rules predicted a rapid decrease in
perfusion, cartilage concentration and bone concentration.
Due to restrictions in the way rules could be defined in the
Matlab fuzzy toolbox, we had to implement a total of 20
single rules.

Membership functions were defined for each of the
seven fuzzy input (Figure 4) and the three fuzzy output
variables (Figure 5). They related quantitative values
(strains, concentrations, perfusion) to linguistic values
(e.g. low, medium and high, increase) and vice versa.
Trapezoidal functions for all linguistic values defined
intervals, within the numerical values that belonged to
them (Figures 4 and 5). The transition ranges at both sides
of these functions predicted membership values smaller
than one. This is the only reason why this approach has

Change in
perfusion

| Perfusion

| Cartilage concentration |

Fuzzi
fication

| Perfusion adjacent

Fuzzy Controller
with fuzzy rules

Change in
cartilage concentration

Defuzzi-
fication

| Bone concentration |

\X117%

|Bone concentr. adjacent|

Input member-

Input variables ship functions

Change in
bone concentration

Output member-

ship functions Output variables

Figure 3. Fuzzy controller with seven fuzzy input and three fuzzy output variables. The controller includes fuzzification and
defuzzification modules to transform numerical values into associated linguistic values and vice versa.
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Figure 4. Membership functions for the seven fuzzy input variables: (a) dilatational strain, (b) distortional strain and (c) perfusion,
perfusion in adjacent elements, cartilage concentration, bone concentration and bone concentration in adjacent elements.

to be called ‘fuzzy’ (membership functions with sharp
edges would result in a ‘sharp’ logic). A particular strain
value could be a 50%-member of the ‘low’ and a 50%-
member of the ‘high’ strain state at the same time.
Consequently, different rules could be active at the same
time predicting possibly contrary outputs. The centroid
method was used for the fuzzy inference procedure, which
calculated the final output prediction as an averaged sum
of the weighted single outputs of the active rules (Kruse
et al. 1994).

Previous studies comparing the calculated strain
patterns with histological results (Claes and Heigele
1999) as well as previous results of cell culture experiments

(Kaspar et al. 2000) served as the basis for defining the
membership functions (Figures 4 and 5) quantitatively.
A previous study in sheep showed the sequence of new
bone formation using markers at 4 weeks (calcein green)
and 8 weeks (reverin; Claes and Heigele 1999). From the
fluorescence images, we determined the maximum rate of
new bone formation at 6.2mm/28 day = 0.22 mm/day.
This information was used to adjust the output membership
function change in bone concentration (Figure 5). We
assumed that this ‘optimal’ bone formation took place
under optimal mechanical conditions. Consequently, bone
formation could only be limited from the revascularisation
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Figure 5. Membership functions for the three fuzzy output
variables: (a) change in blood perfusion, (b) change in cartilage
concentration and (c) change in bone concentration.

process. We, therefore, set the maximum revascularisation
rate also to 0.22 mm/day as a first approximation.

Both the initial and boundary conditions for perfusion
were defined to represent the experimental conditions.
Cortex elements had optimal perfusion (100%), except for
areas adjacent to the fracture. Those ends of the fragments
(5 mm proximally and distally from the gap) had no initial
perfusion (0%), because vessels maintaining these areas
were typically ruptured (Rhinelander 1968, 1974). FEs
with initially no perfusion (0%) characterised the
avascular soft tissue (haematoma) of the initial callus.
At the peripheral boundary of the callus, the perfusion

was set to 30% in order to simulate the potential of an
‘extraosseous blood supply’ originating from adjacent
soft tissues (Rhinelander 1974). At the boundary of the
endosteal callus, the medullary channel perfusion was
initially set to 0%. After 10 days, the perfusion boundary
condition was set to 30% in order to represent the delayed
potential of a revascularisation from the marrow
(Rhinelander 1974).

2.3 Numerical implementation: iterative healing
simulation

The callus healing process was described numerically as
an initial value problem and was simulated time discretely
using an iterative loop (Figure 6) over equidistant time
steps (explicit Euler integration scheme):

aC
Ci = M+C; (12)
~—~

Fuzzy
output

The simulation started with a preprocessor run of the FE
program, which generated geometry, element mesh,
external fixation, load and boundary conditions. Initial
values for the tissue composition, the material properties
and the blood supply were assigned to each of the FEs
representing the situation of the fractured bone immedi-
ately after fixation. Then, the iteration loop started
with the FE analysis (FEA) to calculate the patterns of
local mechanical stimuli (a special separation technique

FE preprocessor (step i = 0)
Input of geometry, mesh, load & boundary conditions

!

Initial state (step i = 0)
Initial tissue type, material properties, blood supply

FE solution / separation technique (step /)
Computation of local mechanical stimuli

l

Fuzzy logic controller (step /) Time step
Predicting changes of tissue composition and perfusion i=i+1

l

FE preprocessor (step i)
Updating element material properties and perfusion

Result (step iy, = 100)
Data of the healing process

Figure 6. Flowchart of the dynamic fracture healing model
including the FE method and the fuzzy logic in an iterative loop
over time.
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is described in more detail below). These stimuli together
with the current tissue composition and local blood supply
were used as input to the fuzzy logic controller. Fuzzy
rules described changes in tissue composition and blood
perfusion within each FE. A subsequent FE preprocessor
run updated the material properties of the elements
according to the new tissue compositions and the next
iteration began. The simulation program was written using
the ANSYS Parametric Design Language (APDL).

A separation technique ensured that the solution of
our nonlinear iterative model could be obtained within a
reasonable calculation time (<<12h). This formulation
separated the nonlinear part of the FE model (fixator spring
system) from the linear part (callus). At each time the
procedure started with a linear FEA of the callus model
without the fixator, yielding preliminary results. The callus
was compressed by a unit displacement of u,,; = 1 mm
prescribed to the most proximal nodes. The procedure
determined the axial reaction force F\,,; and subsequently
the overall axial callus stiffness kcu = Funi/Uunic at the
particular time step i. The callus stiffness k.,; was then used
to build the nonlinear force—displacement function for the
entire system

F(u) = Frix(u) + ka1 - u (13)

by the sum of fixator force Fgy(u) (Figure 2) and callus
force ke -u. Using the inverted function u(F), we
calculated the actual interfragmentary displacement .,
resulting from the full load (F = 500N) acting on the
callus and fixator. The ratio of actual to unit displacement
defined the scaling factor A, which was then used to obtain
the actual strain components g ,., from the preliminary
calculated components &g ypi:

u
Extact = A+ Exgunit With A == u“f andk,l=x,y,z. (14)
unit

2.4 Element size scaling and convergence analysis

Revascularisation and bone formation are kinds of surface
growing processes: new bone tissue forms on existing
bone surfaces only. Similar to this, a local increase in
blood perfusion needs a good blood supply in the direct
vicinity. Using the two additional fuzzy input variables
perfusion in adjacent elements and bone concentration
in adjacent elements, the fuzzy controller was able to
consider these conditions. However, the fact that state
variables were constant within elements and that state
variable evolution was controlled by adjacent elements
made the surface growth rates dependent on the mesh size
(Figure 7). The distance from one element centre to the
next (in the growing direction) was the factor influencing
growth rates. Therefore, a further scaling was necessary
to make the model independent of element size. The square

50
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Figure 7. Convergence analysis. Influence of number of FEs on
predicted healing time (time to bridge) for case A.

of the individual element area was used as an
approximation of the local element centre distance to
scale the fuzzy output as follows:

_ fuzzy
ACelAperf “\Va ’ Acel.perf
el '
(15)
Aref fuzz;
— Yy
ACel.,bonf: = Ay ! ACel,bone’
e

where A,r is a reference area. A convergence analysis
demonstrated that the influence of the mesh size was
acceptably small for the entire healing model (Figure 7).

2.5 Sensitivity analysis

The revascularisation rate seemed to be a critical
assumption. We varied this parameter in order to determine
the sensitivity of the healing predictions to this variation.
We used a preliminary definition of the output membership
function change in perfusion (Figure 5(a)) which resulted
in the maximum revascularisation rate of 0.22 mm/day
(see assumption above). Then the predicted change in
perfusion was scaled (in addition to element size scaling,
see above) by a factor w (0.5, 1.0 and 2.0) in order to vary
the revascularisation rate. It should be mentioned that the
maximum revascularisation rate under optimal conditions
increased with an increasing scaling factor w nonlinearly
(Table 3). In an additional model variation, we assumed a
permanent optimal perfusion for all elements (indicated by
= o). This represented a model which did not consider
the revascularisation simulation at all.

2.6 Healing simulation and experimental evaluation

Using the numerical model, we simulated two different
healing situations (cases A and B) corresponding to two
experimental fracture healing cases in sheep (Claes et al.
1997). Briefly, this was an experimental study at the
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Table 3. Results of sensitivity analyses: predicted healing time
(bridging day) and maximum revascularisation rates resulting
from different revascularisation factors w.

Bridging day

Revascularisation Max. revasc.

factor () rate (mm/day) Case A Case B
0.5 0.15 53 59
1.0 0.22 36 54
2.0 0.34 32 53
00 00 25 53

ovine metatarsus to compare the healing of a transverse
osteotomy under different mechanical conditions as
described below. Case A was the more stable
group. The external fixator allowed a maximal IFM of
0.25mm only. Case B, the less stable group, was
characterised by a maximal IFM of 1.25mm. The gap
size in the loaded situation was 1.85 mm for both the cases.
The gap sizes in the unloaded situations were 2.1 and
3.1 mm for case A and B, respectively. We compared the
calculated course of the IFM with weekly measured axial
movements of four individual sheep of each group from the
previous experiment (Claes et al. 1997).

3. Results

The simulation predicted the distributions of all state
variables (strains, element stiffness, perfusion, tissue
concentrations) over both space and time. We present the
results for dilatational strain, distortional strain, blood
perfusion, bone concentration and fibrocartilage concen-
tration for both the cases (A and B) at intervals of 14 days
(Figures 8 and 9). The connective tissue concentration is
the complement to bone and cartilage concentrations to
achieve 100% and is, therefore, not presented.

The model predicted a delayed healing for the less
stable case B. This case was characterised by larger
mechanical stimuli. Highest absolute strain values were
predicted in the interfragmentary gap during the initial
healing phase and reached greater values for case B than
for case A (Figure 8). As healing proceeds, the callus
strains gradually decreased up to such physiological values
as can be observed in the intact part of the cortical shell.
Case B (day 56) reached this situation later than case A
(at day 42; Figure 8).

We found a slower revascularisation process for the
less stable case B. Revascularisation commenced from the
peripheral side and from the cortex, and grew towards
the centre of the periosteal callus for both the cases.
Revascularisation of the avascular cortical ends occurred in
both the cases with the same rate (Markers a and A in
Figure 9). At day 14, the patterns of perfusion were similar
for both the cases except that there was no revascularisation

Case A (0.25 mm) Case B (1.25 mm)
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Figure 8. Predicted mechanical stimuli: dilatational and
distortional strain in % for both the cases at healing day 14, 28,
42 and 56 (case B only). Highest absolute strain values (Marker)
were predicted in the interfragmentary gap during the initial
healing phase up to day 14. Non-uniform contour labels
corresponding to intervals of membership functions (Figure 4(a)
and (b)).

seen around the cortical ends close to the osteotomy for
case B (Marker B vs. b). The perfusion boundary condition
at the medullary edge was switched from O to 30% at day
10. Consequently, only a little perfusion could be found in
this callus region at day 14 for both the cases (Markers ¢
and C). At day 28, revascularisation of the periosteal callus
was nearly complete for case A. In contrast, a large area in
the centre of the periosteal callus remained without
perfusion in case B (Marker D vs. d). Revascularisation of
the internal callus proceeded for both the cases. For case B,
the area next to the endosteum remained avascular
(Marker E vs. e in Figure 9) due to higher distortional
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Figure 9. Predicted perfusion, bone and cartilage concentration
for both the cases at healing day 14, 28, 42 and 56 (case B only).
Vascularisation rate factor 1.0. Contour labels from 0% (dark
blue) to 100% (red).

stains (Marker F vs. f in Figure 8). An avascular area
between and around the fracture gap was found in case B up
to day 42 (Marker G), whereas in case A, the
interfragmentary area reached a perfusion of at least 39%
(Marker g). The whole callus including the intercortical
area was fully vascularised (100% perfusion) at day 51 for
case A and at day 68 for case B (not shown in Figure 9).

Formation of new bone tissue was delayed for case B
with more movement. The simulated healing process in
both the cases commenced with intramembranous
ossification. Bone formation started at the periosteal
surface with some distance from the fracture gap. This
distance was larger for case B with more movement than
for case A (Marker H vs. h in Figure 9). Low strains,
adequate blood supply and a bony surface as a prerequisite
characterised this area of new bone formation. At day 28,
new bone formed near the fracture site in the periosteal and
endosteal callus for case A, but not for case B. Appositional
bone formed in the fracture gap between the fragments for
case A only (Marker j vs. J). During the healing process,
the dominant type of ossification gradually changed from
intramembranous to endochondral.

Bridging of new bone formation occurred later and
more peripheral for the case of more movement. Bridging

occurred in the peripheral callus at day 36 for case A and
about 2 weeks later at day 54 for case B. The distance
from the fracture gap to the bridging point (Positions k
and K in Figure 9) was larger for case B. After bridging,
the strains in the fracture gap decreased significantly,
which enabled the ossification of the interfragmentary gap
area.

The reduced stability in case B caused the predicted
amount of fibrocartilage to increase. At day 28, we found
areas of fibrocartilage formation in the periosteal and
endosteal callus for both the cases. These areas
experienced higher mechanical stimuli and less blood
supply, and were larger for the less stable case
B. Subsequently, the cartilage areas were reduced from
the proximal and distal side by endochondral ossification.
At day 42, the callus for case A contained almost no more
cartilage (Marker m in Figure 9), whereas case B reached
cartilage concentrations of up to 96% in the remaining gap
(Marker M).

We compared the calculated course of IFM with the
measured movements of four individual sheep of each
group (Figure 11) of the previous animal experiment
(Claes et al. 1997). The experimental curves showed a
distinct period of rapid decrease in IFM, which was
observed earlier for case A (around day 28) than for
case B (around day 35). The predicted time courses
captured these characteristic shapes for both the cases
very well (Figure 11). Similar to the experiments, the
model predicted periods of rapid decrease in IFM
earlier for case A (days 21-33) than for case B (days
24-50).

The sensitivity analysis identified a strong influence
of the revascularisation parameters on the predicted
healing process. An increase of the revascularisation
rate accelerated the healing process (Figures 10 and 12);
bridging occurred earlier (Table 3). This effect was more
pronounced in the stable case A, where patterns of new
bone formation showed significant differences for different
revascularisation parameters (images N vs. n in Figure 10).
The compromised revascularisation (u = 0.5) delayed the
healing by 17 days and the enhanced revascularisation
(= 2.0) accelerated the healing by 4 days compared with
the standard revascularisation rate (u = 1.0). Without
accounting for revascularisation, assuming an optimal
blood supply from the first day onwards (u = o), healing
time was further reduced.

In the less stable case B, the reduced revascularisation
rate (u = 0.5) delayed the healing by only 5 days. An
enhanced revascularisation (w = 2.0) and even the
assumption of a permanent optimal blood supply
(= o) were not able to increase the healing speed
compared with the standard revascularisation rate
(n = 1.0; Figure 12, case B). Bone formation patterns for
these cases of enhanced revascularisation (images O
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Figure 10. Results of sensitivity analysis: predicted perfusion,
bone and cartilage concentration at healing time of rapid
reduction in IFM (case A at day 28 and case B at day 42).
Revascularisation factor 0.5 indicates compromised and 2.0 an
enhanced revascularisation rate, while oo indicates optimal
perfusion for all elements at all time steps. Contour labels (see
Figure 9) from 0% (dark blue) to 100% (red).

in Figure 10) did not differ significantly from those of the
standard case (image o).

Predicted IFM courses for the standard revascularisa-
tion parameter (u = 1.0) fitted best to the measured time
courses (compare Figure 12 with Figure 11).

1.50
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1.25 —o—Sheep 1044 [T
" 100 —— Sheep 1057 i
g~ —0—Sheep 1100
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3
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4. Discussion

The purpose of this study was to simulate the healing
process of long bone fractures taking into account the local
blood perfusion in addition to mechanical factors.
In particular, we wanted to determine (i) how predicted
revascularisation and subsequent ossification processes
depend on mechanical conditions and (ii) the sensitivity
of those predictions to variations in revascularisation
parameters. We, therefore, developed a dynamic computer
model using the method of fuzzy logic to model the
revascularisation and differentiation processes; FEs
described the callus mechanics. Using this model, we
simulated the healing of a diaphyseal osteotomy in an
ovine metatarsus of two groups of different axial stability.
We calculated the time-dependent reduction of the IFM as
an indicator for the healing process and analysed how this
prediction depends on variations in the revascularisation
parameters.

This simulation model has its particular strength in the
consideration of the local blood perfusion. In addition
to the mechanical situation, the blood supply is a very
important factor for the osseous healing (Rhinelander
1974). While the chondrogenesis and the calcification of
the fibrocartilage may precede the angiogenesis, intra-
membranous and endochondral ossification rely entirely
on sufficient perfusion. Cartilage forms instead of woven
bone if mechanical stimuli are inadequately large or local
blood perfusion is too low for intramembranous ossifica-
tion. The latter mechanism can only be modelled when
considering the blood supply as an additional factor.

(i) The model predicted a delayed revascularisation and
subsequently a delayed ossification for the less stable
fracture fixation. The predicted revascularisation pattern
showed characteristic features consistent to histological
observations (Rhinelander 1974). Revascularisation ema-
nated from all the three regions where potential blood
sources were modelled in terms of boundary conditions,
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¢ 0.75 97 —o—Sheep 1030
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Figure 11. Course of axial IFM u(#) over time. Weekly measured movements of four sheep of each group (Claes et al. 1997) in
comparison with the respective FE predictions (vascularisation rate factor 1.0).
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Figure 12. Results of sensitivity analysis. Predicted course of IFM u(r) for different vascularisation rates. Factor 0.5 indicates
compromised and 2.0 an enhanced revascularisation rate, while oo indicates optimal perfusion for all elements and time steps.

i.e. the ‘medullary arterial supply’, the vascularised part of
the cortical bone, and the ‘extraosseous blood supply’ from
peripheral soft tissues (Rhinelander 1974). Well vascu-
larised areas grew towards the centre of the periosteal
callus for both the cases, whereas regions of higher strains
like the interfragmentary gap remained temporarily
avascular. Within the displayed time frame of 42 days
(case A) or 56 days (case B), the vascularisation did not
reach the interfragmentary region completely, which is
consistent with previous histological observations (Rhine-
lander 1974; Schweiberer and Schenk 1977). Blood vessels
were not able to reach the central area between the
fragments, before bridging of the peripheral callus
occurred. In addition, a small line with very low perfusion
persisted in the medullar callus. Previous histological
studies (Rhinelander 1974; Schweiberer and Schenk 1977)
also reported this effect. The reason for the delayed
revascularisation of group B in the centre of the periosteal
callus (Positions D vs. d in Figure 9) can mainly be seen
in larger distortional strains, whereas the delay in the
intercortical zone (Positions G vs. g in Figure 9) could be
related to larger dilatational strains for the less stable case.

Claes et al. (2002) studied the blood vessel distribution
in the fracture calluses of those experimental cases
(A and B) our model is based on. The greatest differences
in the vessel density between the groups were detected in
the periosteal callus next to the cortical shell (Areas p and
P in Figure 9). Significantly more vessels (mean values
in vessels/mm?) were seen in the more stable group A
(plantar: 3.5; dorsal: 2.4) than for case B (plantar: 1.8;
dorsal: 1.7). This result corroborated our numerical model,
which similarly showed this characteristic difference in
perfusion between the groups (Areas p vs. P in Figure 9).

The revascularisation delay resulted in a correspond-
ing delay of ossification processes for case B, since blood
perfusion is a prerequisite for the ossification. The
bridging of new bone formation occurred about 2 weeks

later and more peripherally for case B than for case
A. Areas of connective tissue and fibrocartilage persisted
at the central callus region and within the fracture
gap. Consistent to histological results (Claes et al. 2002),
the simulation predicted significantly more fibrocartilage
in the fracture gap for group B with larger IFMs.

The gradual decrease of the calculated IFM correlated
well with previous in vivo measurements (Claes et al. 1997)
for both the cases. As long as the stiffness of the newly
formed callus was lower than the stiffness of the external
fixator kg, the movement did not change significantly.
The differences in the initial IFM of the simulated cases were
responsible for the characteristic differences in the healing
response. Although our simulation predicted a healing delay
for case B, the healing nevertheless succeeded until the end
of the simulation process. The results of the in vivo
experiments very similarly showed a successful healing for
both the cases (Claes et al. 1997).

(ii) Predictions of revascularisation and tissue differen-
tiation processes are Ssensitive to changes in the
revascularisation parameters. Healing accelerated with
an increasing revascularisation rate. This effect was smaller
for case B where even the assumption of a permanent
optimal blood supply was not able to increase the healing
speed compared with the standard revascularisation rate.
Only a further healing delay was seen when decreasing
the revascularisation rate. This demonstrated that healing in
the less stable case is primarily limited by an inadequate
local mechanical environment, whereas the healing speed in
the stable case depends mainly on the limited revascular-
isation rate.

When neglecting the revascularisation simulation, the
model was not able to predict appropriate IFM time courses
anymore. The model then predicted a too fast healing
for the stable case. This divergence could be corrected
by calibrating the model with a reduced ossification rate.
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This calibration, however, would lead to a too slow healing
prediction for the other case B. Only the model that
considers revascularisation can be calibrated to predict
healing times for both stable and unstable conditions.

With changes in the revascularisation parameters, the
model presented in this study has the potential to account
for different clinical phenomena. With a reduced
revascularisation rate as demonstrated in the sensitivity
analyses, the model can account for systemic factors
compromising the revascularisation process (smoking,
diabetes). Local factors like soft tissue damage or avascular
fragments can be represented using reduced perfusion
boundary conditions or reduced initial conditions, respect-
ively. Future work is necessary to determine parameters for
such cases quantitatively.

Another strength of the developed model is the
formulation of the tissue adaptation and revascularisation
with fuzzy logic rules. From a mathematical point of view,
there is not a big difference to those models using ordinary
differential equations (ODEs) of first order (Bailon-Plaza
and van der Meulen 2001; Gomez-Benito et al. 2005;
Geris et al. 2008; Isaksson et al. 2008). The fuzzy approach
similar to the ODEs is fully determined. It can even be
transformed into a nonlinear set of ODEs of the first order.
The method of fuzzy logic, however, enables the
integration of biological expertise as linguistic principles
into the model. This makes this method easy to use even
for those who are not familiar with ODEs. A robust fuzzy
rule set can be setup up very fast. The linguistic rules can
easily be discussed with medical or biological experts.

Despite its strengths, the model also has several
limitations. Due to the assumption of rotational symmetry,
the model cannot be used for oblique fractures or non-
axisymmetrical load cases like bending and shear. We
assumed homogeneous, linear elastic, isotropic properties
for the different tissue types. This simplification seems to
be acceptable since only small regions in the intercortical
zone of the soft callus experienced critical strain levels. An
exact prediction of these peak stresses and strains in this
approach was not necessary because individual elements
did not participate in healing processes until they
experienced a low strain level. However, before applying
these assumptions to other fracture healing cases (e.g. very
small fracture gaps), one should carefully prove if the
model will represent the overall force—displacement
behaviour of the callus adequately. The musculoskeletal
load was assumed to be constant over the healing time
even though the animals were not able to fully bear
the weight on their treated limbs in the first 2 weeks.
This assumption was appropriate since the measured
IFM indicated that the maximal possible movement was
reached in the first weeks for both the groups (Figure 11).
A further limitation of the model is the predefinition of the
healing region. Callus tissues can never form outside from
this region. It should represent the maximum potential

healing region. To our opinion, the presence of peripheral
tissues limits the size of the potential healing region in
experimental and clinical cases too. On the other side, the
stiff callus tissues (cartilage and woven bone) do not
necessarily fill out the full region. The model therefore has
in principle the potential to predict different callus sizes
and shapes. In case A, 25% of the outer peripheral callus
area was never filled with bone (Marker q in Figure 9),
even not for much longer simulation times. After bridging,
the mechanical stimuli in this area were too low for further
bone formation (Marker q in Figure 8). For the accurate
prediction of callus size and shape at later healing phases,
bone resorption and remodelling from woven to lamellar
bone should be considered. These processes were also
neglected in this model. However, in order to predict
healing in the first phases (up to callus bridging), the
existing model seems to be adequate.

In contrast to previous models (Carter et al. 1988;
Cheal et al. 1991; Claes and Heigele 1999), we used only
strain and no stress variables as stimuli. Since the cells are
embedded in an extracellular matrix, which is much stiffer
than the cells themselves (Wang et al. 1993), internal
forces are primarily transmitted through the extracellular
matrix and not through the cells. Consequently, the cells
are not able to directly detect the stress state of the tissue.
The cells are rather able to sense the strain state via the
deformation of their cavity. Cells might sense the flow or
the hydrostatic pressure of a fluid phase surrounding them
(which is not equal to the hydrostatic stress state of the
tissue). Those signals, however, would be represented
by the dilatational strain used in this work. Furthermore,
it seems to be obvious that invariants of the strain tensor
(dilatational and distortional strain) rather than com-
ponents should be used to represent the mechanical
stimuli, because cells cannot know about the orientation of
any coordinate system.

In contrast to other healing models, we used a nonlinear
rule of mixture to update the element moduli. Tissue
concentrations to the power of 3 served as linear factors.
This equation is based on the experimental relation from
Carter and Hayes (1977), where the apparent compressive
modulus of trabecular bone specimens was proportional
to the cube of their apparent bone density. We used this
equation, since woven bone is a structured mixture similar
to trabecular bone. Experimental (Rice et al. 1988;
Goldstein et al. 1991; Keyak et al. 1994) and theoretical
studies (Winter 1993; Krstin et al. 2000; Hellmich and Ulm
2002) showed that a simple (linear) rule of mixture (as used
by Ament and Hofer 2000; Lacroix and Prendergast 2002a,
2002b; Bailon-Plaza and van der Meulen 2003; Geris et al.
2004; Gomez-Benito et al. 2005; Isaksson et al. 2008) will
certainly overestimate the apparent stiffness of a structured
mixture like woven bone.

The results of this study demonstrated that only a
model that describes both mechanical and biological
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factors is able to predict the healing time for both stable
and unstable conditions. All the fracture healing cases
where the ossification is limited by the blood perfusion
(systemic or local) can only be modelled adequately when
considering this biological factor. With an extension to
describe bone remodelling processes, the model was also
able to describe fracture healing in trabecular bone
(Shefelbine et al. 2005).

The new iterative simulation model of the fracture
healing process allows us to simulate various mechanical
conditions and differences in blood supply. It enables us to
optimise the treatment methods and implants for fracture
fixation and may reduce the need for animal experiments.
Understanding of the dynamic interactions between tissue
differentiation and vascularisation may help to explain
the reasons for the delay of healing and the development of
non-unions.
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