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Introduction

Transfixation casting is a technique used to treat distal limb
fractures in the horse.1–3 Complications such as early pin
loosening and secondary pin hole fracture impact clinical
outcomes due to their common occurrence and potentially

devastating consequences. Pin loosening is reported to occur in
68%ofcases andsecondarypinholefracturesoccur in14to20%
of cases.1,2 Transfixation casting is similar to external skeletal
fixation and the reliance of bothmethods on the stability of the
transcortical pin results in comparable limitations related to
the bone–pin interface (BPI).2,4,5 Pin loosening and pin hole
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Abstract Objective The objectives of this study were to validate a finite element model of the
equine distal limb transfixation cast and to determine the effect of six transcortical pin
parameters on bone–pin interface (BPI) stresses in the third metacarpal bone.
Study Design A transfixation cast finite element model was developed from a
computed tomography scan of the third metacarpal bone and modelled pin elements.
The model was validated by comparing strain measured around a 6.3-mm transfixation
pin in the third metacarpal bone with the finite element model. The pin parameters of
diameter, number, location, spacing, orientation and material were evaluated by
comparing a variety of pin configurations within the model.
Results Pin diameter and number had the greatest impact on BPI stress. Increasing
the diameter and number of pins resulted in lower BPI stresses. Diaphyseal pin location
and stainless-steel pins had lower BPI stresses than metaphyseal location and titanium
alloy pins, respectively. Offset pin orientation and pin spacing had minimal impact on
BPI stresses during axial loading.
Conclusion The results provide evidence that diameter and number are the main pin
parameters affecting BPI stress in an equine distal limb transfixation cast. Configu-
rations of various pin size and number may be proposed to reduce BPI stresses and
minimize the risk of pin related complications. Further refinement of these models will
be required to optimize pin configurations to account for pin hole size and its impact on
overall bone strength.
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fractures constitute a form of BPI failure, either insidiously for
pin loosening or acutely for pin hole fracture. Local bone failure
occurs when the yield stress threshold of the bone material is
exceeded.6 A reduction in pin related complications could be
achieved by understanding and mitigating the factors contrib-
uting to BPI stress during transfixation casting.

The effect of altering parameters of external skeletal
fixation on BPI stress has been examined using analytical,
finite element (FE), ex vivo and in vivo methods in humans
and small animals.6–14While some recommendations trans-
late to transfixation casting, not all findings are expected to
be applicable due to differences between the two techniques.
Ex vivo studies of transfixation casting have evaluated
parameters such as pin size, pin number, pin orientation,
transcortical hole size, methods of cast attachment to pins
and staged pin removal.15–19 These studies address specific
questions related to transfixation casting and help guide
current clinical practice.1,2,20 However, pin number and pin
size were only evaluated in the radius, and transcortical hole
size, pin orientation and staged pin removal have been
evaluated in the thirdmetacarpal bone. None of these studies
examined the range of transcortical pin parameter values
that could be modified nor did they evaluate the BPI.
A systematic evaluation of specific transfixation pin param-
eters would provide clinicians with information regarding
their effect on BPI stresses. We believe that similar to studies
of external skeletal fixator systems,8 determining which
transcortical pin configurationsminimize BPI stresses during
transfixation casting could be used to guide clinical practices
and help reduce the occurrence of pin related complications.

Finite element analysis has been utilized in orthopaedics
prior to or in parallel with ex vivo and in vivo testing.21–23

Utilizing FE analysis, the overall aim of our work was to
evaluate a range of pin parameters and determine optimal
configurations for the equine distal limb transfixation cast.
Thefirst objective of this particular studywas to develop and
validate an FE model representative of the equine distal limb
transfixation cast. Our second objective was to utilize the
model to determine the effect of six pin parameters on BPI
stress and strain predictions in the equine third metacarpal
bone. The results of this study will allow recommendations
to be made regarding the effect of these pin parameters on
anticipated BPI stresses during transfixation casting in the
horse. The developed FE model will also provide a basis for
future assessment of other parameters that determine the
overall biomechanical performance of transfixation casts.

Materials and Methods

Study Design
An FE model of the equine third metacarpal bone was
developed from computed tomography (CT) images of a
cadaveric forelimb from a 10-year-old Quarter Horse gelding
weighing 465 kg. The horsewas owned by the university, had
not been lame andwas euthanatized for reasons unrelated to
this study. The CTwas performed from the carpus to the foot
using a 64 slice helical scanner (Lightspeed VCT, General
Electric, Milwaukee, Wisconsin, United States) at a slice

thickness of 3.75mm. Validation was performed by compar-
ing FE analysis results with measured bone surface strain
values obtained during ex vivo testing of the same third
metacarpal bone with a single 6.3mm transcortical pin.21

Individual FE models were generated by combining the third
metacarpal bone geometrywith specific pin combinations to
determine the effect of six different pin parameters on BPI
stress and strain during axial loading.

Finite Element Model Construction
Models combining the third metacarpal bone and trans-
cortical pins were constructed within an FE software pro-
gramme (Abaqus, v.6.12; Dassault Systemes Simulia Corp,
Rhode Island, United States). Slice geometry from the CT
images was used to create the shape of the bone directly
within the FE software programme using geometric part
construction features and Boolean operations. The length of
the thirdmetacarpal bonemodelwas 156mmspanning from
the proximal diaphysis to the physeal scar of the distal
metaphysis. The cortical thickness varied from 15mmmedi-
ally at the mid diaphysis to 7mm laterally at the distal
metaphysis. Pins were constructed to be 70mm in length
and were positioned within the bone model using Boolean
operations. Non-linear surface to surface contact stiffness
was applied at the BPI. This allowed separation of surfaces
after contact, sliding between surfaces and prevented over-
closure of surfaces under pressure. These conditions would
be most representative of the BPI immediately after pin
insertion. A 15mm distance from the outer cortical bone
margin to the fixed pin end was based on radiographic
measurements from six previous clinical cases. To simulate
standing and full weight shifting onto the limb, a 2500N
distributed axial compressive load was applied over the
proximal surface of the third metacarpal bone. To simulate
walking, a 7500N distributed axial compressive load was
applied to the proximal surface of the bone.24 The material
properties of the bone and pins used for the models were
based on previous studies and reference data obtained from
metal suppliers for pins (►Table 1).25–28

Free meshing algorithms were used and all models were
meshed using solid quadratic tetrahedral elements
(type C3D10I). Adaptive remeshing was performed to refine
the mesh for eachmodel based upon the output variable von

Table 1 Material properties of bone and metals used for FE
modelling of transfixation pin combinations within the equine
third metacarpal bone25–28

Density
(g/cm3)

Elastic
modulus
(GPa)

Poisson’s
ratio

Cortical bone 2,000 17 0.3

Cancellous
bone

500 0.5 0.3

Stainless steel 8,000 205 0.3

Titanium alloy 4,430 114 0.34

Abbreviation: FE, finite element.
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Mises (VM) stress.29 Remeshing was continued until the
maximum change in VM stress from one mesh to the next
fell below 2%, resulting in a stable mesh for analysis. The cast
was not modelled and pin to cast attachment was restrained
in all three axes as a boundary condition.29 The distal end of
thebonewas unrestrained in the longitudinal axiswhile fully
constrained in both transverse axes.

Model Validation
Validation was performed by comparing FE analysis to
measured surface strains from ex vivo loading of the third
metacarpal bone. A custom-made jig accommodated the
bone and a single pin within the materials testing system
(Qtest/50LP; MTS, Eden Prairie, Minnesota, United States)
(►Fig. 1). A steel cap with a 5-mm deep, circular depression
on the lower surface was placed over the proximal third
metacarpal bone for loading. A solid steel cylinder 25mm in
length and 12mm in diameter was positioned in a depres-
sion on the upper surface of the steel cap to transfer actuator
load to the proximal bone surface.

A single smooth 6.3mm diameter pinwas insertedwithin
the frontal plane 41mm from the distal end of the bone
segment following drilling of a transversely oriented 6.2mm
pin hole. Two rosette strain gauges (FRA-2-11; Texas Meas-
urements, College Station, Texas, United States) were
attached 5mm from the hole margin at a proximal and a
dorsal position for both lateral and medial holes. Longitudi-
nally oriented single axis strain gauges (FLA-2-11) were
placed in a palmar position 5mm from the hole margins
and on the dorsal midline 20mm from the pin centre

proximally and distally. Strain values in the longitudinal
axis were obtained directly from the FE models and com-
pared with those recorded during ex vivo testing (►Fig. 2).
Axial compressive loads of 2500, 5000 and 7500N were
applied sequentially at a loading rate of 6mm/min. Load-
deformation curves were generated to determine that each
cycle of testing was within the linear elastic range of the
bone. Maximum and minimum principal strain values
were calculated using the rosette gauge data proximal to
the medial and lateral pin holes30 and compared directly to
the corresponding values from the FE model.

Pin Parameters
Six parameters of transfixation pins and their positioning in
the third metacarpal bone were examined. The parameters
were pin diameter, number, location, spacing, orientation
and material. The specific variables evaluated for each
parameter are presented in ►Table 2. All possible variable
combinations (a total of 3,168 models) were not created.
Specific comparisons were made between parameter varia-
bles while keeping other parameters of the models being
compared constant. The combinations of pin diameter and
pin number specifically evaluated are presented in►Table 3.
Pin location was evaluated by comparing single pins of
various diameters positioned in either the diaphyseal or
the metaphyseal region of the third metacarpal bone. Pin
spacing and orientation were evaluated using a 6.3mm pin
diameter. Pin spacing was defined as the closest edge to edge
distance between pins. An angle of 20 degrees from the
frontal plane was used for positioning pins in an offset or
divergent orientation (►Fig. 3). Stainless steel and titanium
alloy pin materials were compared using single pins with
diameters of 5, 6, 7, 8 and 9mm positioned in the distal
metaphyseal region of the third metacarpal bone.

Data Analysis
Output database files were generated for each FE model
constructed. Specific data values recorded included the
bone maximum and minimum principal stress and strain,
maximum cortical bone VM stress and maximum pin VM
stress. Direct comparisons between models were made to
assess the impact of individual parameters. von Mises stress
was used to report single parameter comparisons as it is a
common predictor of yielding or material failure.29 Stress
and strain values were also examined for all parameter
comparisons. Representative equations were developed to
describe relationships between stress or strain and pin
diameter or number. The Pearson product moment correla-
tion coefficient was used to determine the best fitting
equations describing the relationships observed.

Results

Therewere a total of 96 individual FE models constructed for
the study. The number ofmodels used to evaluate each of the
pin parameters of interest are presented in ►Tables 2 and 3.
The number of elements in the models ranged from approxi-
mately 25,000 up to 150,000; largely dependent upon the

Fig. 1 Image of the custom jig used to perform axial compression
testing. The bone and pin combination used for validation of the
equine third metacarpal bone transfixation pin response under three
separate loading conditions (2500 N, 5000 N and 7500 N) is shown.
The lateral side of the bone is on the left side of the image. Strain
gauges are attached to the dorsal bone surface and around both the
medial and lateral pin holes. The insets show the loading cap design
(right) and its positioning on the proximal bone surface (left) with the
solid steel cylinder placed for even load transfer across the bone width
from the material testing system load cell.
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number of pins included and the amount of remeshing
required to achieve convergence of the models within the
stated 2% limit for VM stress variation.

Model Validation
A similar linear response between the three load levels was
observed in both the FE model and the bone–pin construct.
Load, displacement and longitudinal strain values for both
the ex vivo validation test procedure and the FE validation
model are shown in ►Table 4. Comparison between the

modelled and the measured strain values showed that
measures were close to the x¼ y line representing complete
agreement (►Fig. 4). The greatest deviations from the line
were at the highest magnitude strain values, where the FE
model tended to underestimate the calculated maximum
principal strain and overestimate the calculated minimum
principal strain. The linear regression line of best fit for the
measured versus modelled values was y¼0.962x – 88.7
(R2¼0.99). Longitudinal strain values for the FEmodel varied
from the corresponding measured values by a mean
(�standard deviation) of 5.94�5.88% across six measured
sites (3 medial and 3 lateral). Maximum principal strain
values, calculated from the rosette gauge measurements,

Fig. 2 Side by side comparison of ex vivo testing of a single 6.3-mm transcortical pin within the metaphyseal region of the third metacarpal bone
of a horse for model validation and the comparable finite element model. (A) Equine third metacarpal bone with transcortical pin positioned in a
custom testing jig and strain gages placed on the bone surface. (B) Finite element model geometry with a single 6.3-mm pin positioned in the
metaphyseal region of the bone.

Table 2 Pin parameters for transfixation casting, the variables
evaluated and the number of models generated to evaluate
each parameter using FE analysis

Pin parameter Variables No. of
models

Diameter (mm) 4, 5, 5.5, 6, 6.3, 7,
7.5, 8, 8.5, 9, 9.5

44

Number 1 to 6 44

Location Diaphysis or metaphysis 17

Spacing (mm) 10, 20, 25, 30, 40, 50 12

Orientation Inline or offset 12

Material Stainless steel or
titanium alloy

10

Abbreviation: FE, finite element.
Note: The models for the pin diameter and pin number are the same
models. See ►Table 3 for details.

Table 3 Table showing specific pin diameters (mm) and pin
numbers for 44 FE models generated to examine the
relationship between pin diameter and pin number

Diameter 4 5 5.5 6 6.3 7 7.5 8 8.5 9 9.5

Number 1 X X X X X X X X X X

2 X X X X X X X X X

3 X X X X X X X X

4 X X X X X X X

5 X X X X X

6 X X X X X

Abbreviation: FE, finite element.
Note: These models were all constructed with a 20-mm pin spacing,
inline pin orientation and stainless-steel pin material.
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varied from the corresponding FE model values by a mean of
10.03�8.31%. Minimum principal strain values varied from
the corresponding FE model by a mean of 7.33�3.96%.

Pin Parameters
Pin diameter had a consistent effect on cortical bone VM
stress, as well as principal stresses and strains. Smaller pin
diameters resulted in higher stresses at the BPI. Maximum
stress and strain valueswere invariably observed at the outer

proximal margin of the pin hole and fell sharply both from
the outer cortex toward the inner cortex and radially away
from the edge of the pin hole (►Fig. 5). Pin number also had a
consistent effect on maximum cortical bone VM stress.
Increasing the number of pins resulted in a reduction in
the maximum cortical bone VM stress values with a greater
reduction for smaller pin diameters compared with larger
pin diameters. The relationships between both pin diameter
and pin number with maximum cortical bone VM stress are
shown in ►Fig. 6.

Pin location was examined by comparing a range of pin
sizes positioned in the diaphyseal regionwith corresponding
pin sizes positioned in the distal metaphyseal region. Pin
location in the distal metaphyseal region resulted in higher
VM stress values than the diaphyseal region. This was more
evident for smaller pin diameters (►Fig. 7). Small differences
were observed between locations for maximum principal
stress or maximum principal strain, while minimum princi-
pal stress and strain were lower in the metaphyseal region
(i.e. higher compressive stress and strain) when compared
with the diaphyseal region.

Pin spacing between two adjacent pins did not appreci-
ably change stress patterns or their magnitude. Maximum
cortical bone VM stress values varied by less than 4%, ranging
from 247.7 to 257.2 MPa, over pin spacing distances ranging
from 10 to 50mm. Qualitative examination of the stress and
strain patterns surrounding the pin holes did not show stress
concentrations between or around pins for these spacing
distances.

Comparisons were made between pins oriented in a
divergent position 20 degrees from the frontal plane (offset)
and pins oriented solely within the frontal plane (inline).

Fig. 3 (A) Image of the finite element model with three pins in an offset orientation as viewed from the medial aspect of the bone. (B) Same
model as in A, viewed from the distal aspect of the bone to illustrate the angle of offset between pins.

Table 4 Load (N), displacement (mm) and longitudinal strain
(microstrain) measured from an ex vivo cadaveric test and the
comparable FE analysis predictions used for model validation at
three different loads

Load

Measured 2,502 5,013 7,502

Predicted 2,500 5,000 7,500

Displacement

Measured 0.48 0.79 1.23

Predicted 0.43 0.80 1.18

Strain-medial hole

Measured –1,656 –2,788 –3,895

Predicted –1,376 –2,751 –4,131

Strain-lateral hole

Measured –1,539 –3,239 –4,436

Predicted –1,502 –3,008 –4,515

Abbreviation: FE, finite element.
Note: Negative values for strain represent compression.
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Offsetting the pin orientation in two and three pin models
using 6.3mm diameter pins resulted in similar values for
maximum cortical bone VM stress, differing by less than 2%
for both the two pin models (range from 243.4 to 247.7 MPa)
and the three pin models (range from 163.3 to 166.3 MPa).

No consistent pattern of stress reduction or stress con-
centration was observed as a result of using an offset pin
orientation.

Stainless steel and titanium alloy pins were compared
using single pins positioned in the distal metaphyseal region.

Maximum cortical bone VM stress with the stainless-steel
pins was 26.9 to 37.0% lower than with the titanium alloy
pins, while maximum pin VM stress for the titanium alloy
pins was 4.7 to 9.1% lower than for the stainless-steel pins
across the range of pin sizes examined.

Discussion

The purpose of this study was to develop and validate an FE
model of the equine distal limb transfixation cast and use
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Fig. 4 Graph showing the comparison of measured ex vivo strain around medial (solid squares) and lateral (open diamonds) pin holes in third
metacarpal bone compared with the modelled strain values from the corresponding finite element (FE) model. Data for longitudinal strain,
maximum and minimum principal strains at loading levels of 2,500 N, 5,000 N and 7,500 N are shown as individual points on the graph. The
dashed line is a plot of x¼ y to illustrate where exact matching between measured and modelled values lies.

Fig. 5 Representative images showing the pattern of von Mises (VM) stress distribution surrounding a single smooth pin within the finite
element model. Maximum VM stress is found at the proximal outer cortical margin of the pin hole. The legend shows the colour scale used to
display VM stress. (A) View from the medial side of the bone model directly at the medial pin hole. (B) Sectioned view from the dorsal medial
aspect of the bone showing the VM stress distribution within the medial and lateral cortices.
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this model to systematically evaluate clinically relevant pin
and pin positioning parameters to predict which combina-
tion(s) would result in reduced BPI stresses. The results show
that the number of pins used in a transfixation cast, and their
diameter, have the most profound effect on the BPI stresses
and strains observed, consistent with previous studies
examining external skeletal fixation parameters.8,31 In con-

trast, both the spacing between pins and their orientation
had minimal impact on BPI stress during axial loading. Pins
located in the metaphyseal region of the bone resulted in
higher compressive BPI stress than pins located in the
diaphysis, which we attribute to the thinner cortical bone
width present in the metaphyseal region.8 Stainless-steel
pins resulted in lower BPI stresses due to their higher
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stiffness; however, the titanium alloy pin stresseswere lower
than stainless-steel pins and as such may be less likely to
break during cyclic loading, particularly as their yield stress
is approximately four times higher than stainless-steel
pins.25,27 These results provide a basis from which pin
configurations may be proposed that reduce BPI stress and
strain in an equine distal limb transfixation cast.

Finite element analysis was used in this study because it
can utilize the mechanical conditions of a system, calculate
the predicted stress and strain environment of the system
and provide data on specific models that can be further
developed and refined, either with further FE analysis or by
cadaveric or in vivo testing. This method of screening pin
parameters avoided the use of a large number of animals or
cadaver limbs. The conditions applied to the FEmodels in this
study were designed to mimic the worst case-scenario of a
horse walking with full weight on the cast limb with an
axially unstable fracture.24 Validation of the current model
was performed by comparison to ex vivo testing on the same
third metacarpal bone from which the model was based.
The differences between the cadaveric and FE models were
generally low, with only four specific comparisons having a
difference greater than 10%, and the mean percentage differ-
ences across each of the strain measures analysed less than
or equal to 10%. The simple shape of the equine third
metacarpal bone allows good reproduction of its mechanical
performance using FE models. Several investigators have
used simple models of the equine third metacarpal bone
and shown good agreement with ex vivo results.24,32–34

These validation results support that the FE modelling
approach had acceptable agreement with ex vivo testing.

The selection of parameters to evaluate in this study was
based on current clinical practices. Pin diameters ranging in
size from 4.7 to 9.5mm have been reported clinically in adult
horses.1,2 Larger pin diameters are more resistant to bending
and result in reduced BPI stress.8However, larger pins require
largerholes in thebonecortexwhichhasbeenshowntoreduce
the breaking strength of bone.19,35,36 The area moment of
inertia of the pin increases with the fourth power of the
diameter. The relationship demonstrated between pin diame-
ter and maximum VM stress for a single pin appears to be
consistent with the influence that pin area moment of inertia
is expected to have on bending stiffness of the pin and
consequently BPI stress. It is evident from examining pin
diameter against maximum cortical bone VM stress in the
FEmodelswithan increasingnumberofpins that the influence
of pin diameter lessens as the number of pins increases.
Further evaluation of the relationship between the area mo-
ment of inertia of the pin and the pin number is warranted as
these parameters had the greatest influence on BPI stresses
and strains.

Recommendations on pin location, made based on clinical
observations, have been to place pins as far from the top of the
cast as possible to avoid secondary pin hole fracture.2,37 This
approach results in pins located in the distalmetaphysis of the
third metacarpal bone. The results of the present study show
that stress at the BPI would be expected to be lower in the
diaphysis than the metaphysis. This suggests that previous

clinical observations may be the result of factors other than
high BPI stress contributing to an increased risk of secondary
pin hole fracture for diaphyseal pin locations. The examination
of pin orientation in this study failed to showa clear advantage
of themethodofoffsetting pinpositions fromthe frontal plane
in the equine third metacarpal bone. However, our analysis
used axial compression, while a previous study evaluating pin
orientation in cadaveric bones used torsion and found that
bone strength was greater with an offset orientation.17 We
elected to test in axial compression because that is the
predominant load experienced by the third metacarpal bone
in the horse.24,33 The results of our study agree with clinical
studies where neither pin loosening nor secondary pin hole
fracture was found to be associated with an offset (divergent)
pin orientation.1,2

There are several limitations of this study that merit
discussion. Finite element analysis of mechanical behaviour
requires the input of material properties, such as bone
density and elastic modulus, and that several assumptions
are made about the model. Bone is an anisotropic material
and its density varies depending on the type of bone and
its degree of porosity. A relationship between bone density
and elastic modulus has been used to provide detailed
material information on an elemental level to increase the
accuracy of an FE model.38 However, this method of material
assignment increases the computational complexity of the
model substantially. The assumption that the pin ends are
completely fixed is unlikely to reflect the true situation
within a cast. Further evaluation of the effect of this assump-
tion on the results of these models is warranted. Another
limitation in this study was the fact that the BPI contact
conditions were simplified by not accounting for BPI friction.
Friction would be expected to have an effect on lateral to
medial sliding of the pin even though the major loading
direction is normal to the pin surface. In our models, sliding
was unable to occur as the pin ends were fixed in position.

The main advantage of using the simplified modelling
approachwas the ability tomakemultiple comparisons across
different pinparameters. Coupledwithvalidation of themodel,
these findings provide a basis from which to investigate
additional aspects of the equine transfixation cast which are
likely to influence BPI stress using further ex vivo and in vivo
testing. Ultimately, identifying ideal pin parameter combina-
tions, suchaspin sizeandnumber,whichminimizeBPI stresses
and strains, should reduce the likelihood of both acute and
chronic BPI failure and improve the safety of the equine distal
limb transfixation cast during clinical use.
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