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a  b  s  t  r  a  c  t

A  variety  of plate  designs  have  been  implemented  for  treatment  of  periprosthetic  femoral  fracture  (PFF)
fixation.  Controversy,  however,  exists  with  regard  to  optimum  fixation  methods  using these  plates.  A
clinical  case  of  a  PFF  fixation  (Vancouver  type  C)  was  studied  where  a rigid  locking  plate  fixation  was
compared  with  a  more  flexible  non-locking  approach.  A  parametric  computational  model  was  developed
in  order  to  understand  the  underlying  biomechanics  between  these  two fixations.  The  model  was  used
to estimate  the  overall  stiffness  and  fracture  movement  of  the two  implemented  methods.  Further,  the
differing  aspects  of  plate  design  and  application  were  incrementally  changed  in four  different  models.
The  clinical  case  showed  that a rigid  fixation  using  a 4.5  mm  titanium  locking  plate  with  a  short  bridging
length  did not  promote  healing  and  ultimately  failed.  In contrast,  a  flexible  fixation  using  5.6  mm  stain-
less steel  non-locking  plate with  a larger  bridging  length  promoted  healing.  The  computational  results

highlighted  that  changing  the bridging  length  made  a  more  substantial  difference  to the stiffness  and  frac-
ture movement  than  varying  other  parameters.  Further  the  computational  model  predicted  the  failure
zone  on  the  locking  plate.  In summary,  rigid  fracture  fixation  in the  case  of  PFF  can  suppress  the  frac-
ture  movement  to  a  degree  that  prevents  healing  and  may  ultimately  fail. The  computational  approach
demonstrated  the  potential  of this  technique  to  compare  the  stiffness  and  fracture  movement  of  different
fixation  constructs  in  order  to determine  the  optimum  fixation  method  for  PFF.
. Introduction

Periprosthetic femoral fractures (PFF) can occur following total
nee or total hip arthroplasty [1–5]. The management of these frac-
ures is challenging due to the presence of the underlying prosthesis
nd, in some cases, poor quality of the remaining bone. Several plate
esigns with different configurations of locking and non-locking
crews have been used in the management of these fractures, how-
ver there have been a number of reported failures, particularly of
ocking plates [6–9] which suggest that fractures have failed to heal.
Locking plates are intended to bridge the fracture site and
romote secondary healing in the absence of perfect fracture
eduction. To be successful they must satisfy two conflicting
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requirements of providing enough stability to allow the patient
to partially bear weight, while being flexible enough to promote
callus formation [10]. The plate must also remain intact and well
fixed during and after the healing process. The aims of stability and
flexibility can be characterised in a purely mechanical analysis as
the stiffness of the whole bone-plate construct and the movement
between the bone fragments at the site of the fracture [11].

Some of the key factors that affect the stiffness and fracture
movement are the thickness and material properties of the plate,
along with the design, positioning and number of the screws.
Experimental and computational models have been developed to
understand the effect of these parameters on the overall stiffness
of long bone fracture fixation [12–15].  However, less consideration
has been paid to the appropriate combination of these factors in

the case of periprosthetic femoral fractures [16–18].

Computational models, based on finite element (FE) methods,
have the potential to assess the mechanical performance of dif-
ferent fixation techniques [13,19]. These methods allow certain
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spects of the in vivo conditions to be replicated in a controlled
anner so that the biomechanical effects of various parameters

an be assessed both individually and in combination. However,
he investigation of PFF fixation using computational methods has
een limited [20].

This paper reports a recent clinical case on a periprosthetic frac-
ure patient in which the initial fixation failed and was replaced by

 second fixation which led to healing. A simplified parametric FE
odel was then used to investigate the mechanical effects of some

f the key differences between the two constructs. In particular,
he aim was to examine the relative effects of screw configuration,
late material, plate thickness and an aspect of screw-plate fixa-
ion, and determine if these factors could have had a role in the
utcome of the two fixation cases.

. Materials and methods

.1. Clinical case

A 70 years old female Caucasian patient presented to emer-
ency services with a spiral Vancouver type C periprosthetic
emoral fracture below the tip of a total hip arthroplasty (see
21,22] for Vancouver classification). The prosthesis in situ was

 reverse hybrid Corail stem (DePuy International Ltd., Warsaw,
N, USA) with a cemented polyethylenic acetabular component
Fig. 1A).

.2. Polyaxial plate fixation

The initial periprosthetic fracture following the total hip arthro-
lasty (Fig. 1B) fixation was performed using a twelve hole 4.5 mm
hickness, titanium femoral polyaxial plate (POLYAX plate, DePuy
nternational Ltd., Warsaw, IN, USA). This locking plating system

as fixed with nine 4.5 mm titanium locking screws proximally
nd four 5.5 mm screws distally in the femoral condyles (Fig. 1C).
he fixation failed approximately 70 days later through a plate fail-
re (Fig. 1D). The patient reported a twisting movement of her leg
rom the standing position that resulted in sudden pain onset and a
ubsequent domestic fall following which she was unable to stand
nd the lower limb was deformed.
.3. Blade plate fixation

The re-fracture was revised by removing the broken polyaxial
late and using a sixteen hole 95◦, 5.6 mm thickness, stainless steel

ig. 1. A summary of the treatment procedure of the patient. (A) Anteroposterior radiograp
eriprosthetic femoral fracture, (C) anteroposterior radiograph following initial polyaxial
0  days following fixation, (E) anteroposterior radiograph showing blade plate fixation.
 & Physics 34 (2012) 1041– 1048

condylar blade plate (Angled Blade Plate; Synthes, West Chester,
PA). It should be noted that during revision surgery (performed by
E. Tsiridis) no callus was  identified between the bone fragments
(personal observation). The non-locking plating system was  fixed
with six 4.5 mm stainless steel screws augmented by three cer-
clage wires proximally around the distal end of the hip prosthesis
(Fig. 1E). Compression across the fracture was not achieved due to
the femoral stem in situ.

The radiographs of the patient were analysed using image edit-
ing software CoralDRAW (Corel Corporation, Ottawa, ON). The
fracture angle, fracture position, cortical thickness and femoral
length were quantified based on the polyaxial plate size. These val-
ues were used as input parameters for the finite element model
development, described in the next section.

2.4. Theoretical analysis

The aim of the theoretical analysis was  to investigate the
mechanical effects of some of the main differences in design
between the two constructs presented in the clinical case using a
finite element model. It should be emphasised that the purpose was
not to build a patient-specific model to replicate the clinical case
exactly, since insufficient data was  available on the geometry and
quality of the bone or loading at the time of fracture. Instead, a sim-
plified model was  used to comparatively evaluate the mechanical
effects of four aspects that differed between the two plate designs:
plate material, plate thickness, screw configuration and an aspect
of the screw-plate fixation.

2.5. Model description

The model represented a constant diameter cortical shaft of uni-
form thickness, and included a cylindrical prosthesis stem spanning
the length implanted into the femur [23–25].  The PFF was repre-
sented by an oblique fracture based on the measurements taken
from the patient radiographs (Fig. 2). It was assumed that anatomic
reduction of the bone at the fracture site was achieved and no frac-
ture gap was included in the model, however, contact was modelled
as described later.

A simplified representation of the proximal twelve holes of the
with the spacing between holes based on the physical measure-
ments of the polyaxial plate. The screws were modelled as cylinders
with no screw thread or head and were tied to the plate and
bone.

h following total hip replacement, (B) lateral radiograph showing Vancouver type C
 plate fixation, (D) lateral radiograph showing polyaxial plate failure approximately
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Fig. 3. (A) Summary of the models developed for this study, (B) showing the three
ig. 2. (A) Summary of the parametric model dimensions, (B) and (C) showing the
odel parameters.

.6. Material properties

All sections were assigned isotropic material properties with an
lastic modulus of 20 GPa for the bone [24], 110 GPa for titanium
26] and 200 GPa for the steel [24,26].  A Poisson’s ratio of 0.3 was
sed for all materials [26].

.7. Interface conditions

In all of the models, the interfaces between the stem and bone
nd the screws and bone were fixed to prevent relative movement.
n Models 1–5, the screw and the plate were also fixed at their
ontact surfaces in order to model the locking mechanism. This
ondition was altered to the penalty based contact condition with

 frictional coefficient in Model 6 to assess the effect of increased
ovement between the screw and the plate. In order to assess the

ffect of the frictional coefficient at the screw–plate interface on the
esults, Model 6 was run with two different frictional coefficients
f 0.3 in Model 6a and 0.9 in Model 6b.

Penalty based contact conditions were also specified at both the
late–bone interface and at the fracture site. The outputs of FE sim-
lations of periprosthetic fracture fixation have been shown to be
ighly sensitive to the friction conditions at the fracture site [27].
n this study, a very low coefficient of friction (0.01) was used to
imulate the ‘worst case’ before any healing has taken place. This
alue was kept constant throughout to ensure that like-for-like
omparisons were made.
screw fixation cases that were implemented in this study. Note that schematic plates
in  this figure have been rotated for the purpose of presentation, therefore left and
right here represent the proximal and distal section anatomically.

A sensitivity analysis was  undertaken on the plate–bone inter-
face conditions and it was  found that the model results were not
sensitive to this coefficient of friction, which was varied in the range
of 0–0.8, under the loading modes used in this study. A coefficient
of friction of 0.3 was  assigned at this interface which was  similar
to that found previously [28] for the interface between bone and
titanium or stainless steel dynamic compression plates.

2.8. Boundary conditions and loads

Since the condylar section of the plate was not included, two
sets of boundary conditions were analysed. In the first, both the
distal end of the bone and the distal end of the plate were rigidly
constrained (‘bone and plate fixed’). Each test was then repeated
with no restriction placed on the distal end of the plate, represent-
ing the opposite extreme of no fixation between plate and bone at
the condyle (‘bone fixed’). Both sets of boundary conditions were
applied to all of the models to ensure that the relative effects of
changing the plate features remained the same.

The proximal section of the prosthesis stem was  loaded under
two modes in this study. First, a force of 572.4 N was  applied
perpendicular to the femoral axis in the frontal plane and hori-
zontally in the transverse plane to model bending. This approach
was adopted based on the previous studies where the aforemen-
tioned load was  calculated from five times an average body weight
of 60 kg and applied at a loading angle of 11◦ corresponding to one
legged stance [24,25].  Second, a torque of 35,000 Nmm was applied
about the central axis of the stem to model torsion, based on the
in vivo study of Kotzar et al. [29].

2.9. Mesh sensitivity

Tetrahedral (C3D4) elements were used to mesh all of the
components. Convergence was  tested by increasing the number
of elements from 42,000 to 1,600,000 in five steps. The solution
converged on the parameters of the interest (≤5%-for fracture
movement, torsional and bending stiffness) with approximately
420,000 elements. Models with this number of elements or more
were used for each of the cases presented.

2.10. Parametric study

Three configurations of screws were evaluated, as shown in
Fig. 3. The first (Model 1) represented the fixation of the polyax-

ial plate in the clinical case, while the third (Model 3) had a longer
fracture bridging length as was  used in the blade plate fixation in
the clinical case. Since the first model included a screw that bridged
the fractured bone, which would over-constrain the fracture due
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o the simplified fixed assumptions between screw and bone, an
ntermediate case where the screw bridging the fractured bone

as removed, was also modelled (Model 2). The plate thickness
nd material were kept constant to represent that of the polyaxial
late, as shown in Fig. 3.

Using Model 3, a change in the material for the plate and screws
rom titanium to steel (Model 4) was made to represent the blade
late, followed by a change in plate thickness (Model 5). The fixed
ondition at screw–plate interface was removed to allow some
ovement at that interface (Models 6a and 6b). The alterations
ere undertaken in this order so that the changes in material and

hickness were made on the model where they would likely have
he greatest effect, that is, the one with the largest fracture bridging
ength.

.11. Corroboration

The model described here was initially based on the model of
otal hip replacement (i.e. without plate and screws) reported in a
tudy by Yoon et al. [24], who validated their computational predic-

ions against experimental strain data. An indirect corroboration
tudy was undertaken to verify the FE procedure described here
gainst Yoon et al. [24] and similar results were found between the
wo studies.

ig. 4. (A) and (B) compare the bending and torsional stiffness of the models developed in
he  bony fragments on the lateral and medial side. Note fracture movement under torsion
 & Physics 34 (2012) 1041– 1048

2.12. Simulations and measurements

The models were solved and analysed using a finite element
simulation package (ABAQUS v. 6.9, Simulia Inc., Providence, RI,
USA). The bending and torsional stiffness of all seven models
were calculated and compared. The bending stiffness was calcu-
lated by dividing the applied load by the predicted medial–lateral
(horizontal) displacement. The torsional stiffness was calculated
by dividing the applied torque by the predicted angular dis-
placement [30]. The magnitude of the fracture movement was
quantified by determining the relative displacements of the most
distal point of the proximal fragment and the most proximal
point of the distal fragment on the lateral and medial sides of
the bone. The lateral measurements were taken under the fixation
plate and the medial measurements on the opposite side to the
plate.

3. Results—theoretical analysis

3.1. Effect of screw configuration
The predicted construct stiffness and fracture movement under
the two  loading modes for all of the models are shown in Fig. 4.
When the screw configuration was  altered from Model 1 to Model

 this study. (C) and (D) compare the magnitude of the fracture movement between
 on the medial side for Model 1 is 0.01 mm.
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Fig. 5. A comparison of the Models 1–3 deflection under bendin

, there was a large decrease in stiffness (80% in bending, 93% in tor-
ion). By discounting the effect of the screw which passes through
he fracture site, and comparing Model 2 to Model 3, where only
he bridging length was changed, there was a 57% reduction in both
ending and torsional stiffness. There was also a large increase

n fracture movement: on the lateral side, for example, there
as 22 times more movement in bending and 19 times more in

orsion.
The nodal displacements for Models 1–3 are shown in Fig. 5. The

hange in lateral fracture movement between Models 1, 2 and 3 was
he aspect most substantially affected by the removal of the con-
traint on the distal end of the plate. Without distal support, a larger
ateral fracture movement change was seen between Model 1 and

odel 2. However, the overall trends were unaffected and Model 3
xhibited the lowest stiffness and highest fracture movement of all
he scenarios studied, regardless of boundary conditions or loading
egime.

.2. Effect of plate material

The change in the material property of the plate and screws from
itanium to steel (Model 4) increased the bending stiffness by 30%
nd torsional stiffness by 73%. There was a corresponding reduction
n fracture movement of 37% in bending and 34% in torsion on the
ateral side of the bone.

.3. Effect of plate thickness

The change in the plate thickness (Model 5) had similar results,

nd led to a further increase in the bending stiffness by 25% and
orsional stiffness by 62%. There was a corresponding reduction in
racture movement of 33% in bending and 36% in torsion on the
ateral side of the bone.
) and torsion (D–F). Note deflections are magnified three times.

3.4. Effect of movement at the screw–plate interface

Allowing movement between the screw and the plate (Model
6a) caused higher fracture movement on the lateral side (approx-
imately 26% in bending, 34% in torsion), when compared to the
rigidly fixed case (Model 5). There was  also an increase in the frac-
ture movement on the medial side (14% in bending, 27% in torsion),
and a decrease in overall stiffness (13% in bending, 22% in torsion).
Comparing Models 6a and 6b there was less than 5% difference
between the two under torsional loading (with exception of lateral
fracture movement under the ‘bone fixed’ condition, 9%). This dif-
ference was  higher under bending with the maximum of difference
being 19% for the lateral fracture movement under the ‘bone fixed’
condition.

3.5. Cumulative effect

Comparing Model 1 to Model 6a showed a reduction in bend-
ing and torsional stiffness of 72% and 85% respectively (Fig. 4A
and B). There was  also a considerable increase in fracture move-
ment. On the lateral side, the movement was twenty times greater
under bending and seven times greater under torsional loading.
A similar range of differences was observed on the medial side
(Fig. 4E and F).

Noteworthy, comparison of Model 1 to Model 5 showed a similar
reduction in bending and torsional stiffness (67% and 81% respec-
tively) to that of Model 1 and Model 6a.

3.6. Prediction of failure location
In the case replicating the polyaxial plate (Model 1), a peak in
the von Mises stress was  observed under torsional loading at a
similar position to the point of failure in vivo, as can be seen in
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Fig. 6. von Mises stress distribution across Model 1 (which represented initial
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olyaxial plate fixation) under bending (A) and torsional (B) loading. Medial and
ateral views of the plates are given for each loading case.

ig. 6 compared to Fig. 1D. A region of high stress was also seen
round the lateral side of the empty screw hole across the frac-
ure site when the plate was subjected to bending. The location of
hese stress concentrations was not affected by changing the distal
oundary conditions.

. Discussion

The successful management of periprosthetic fractures presents
 significant clinical and engineering challenge. This study high-

ighted one clinical case where the first plate fixation failed and the
ame fracture was later successfully treated with a different plate.

A parametric finite element modelling approach was used
o understand the biomechanical differences between the two
 & Physics 34 (2012) 1041– 1048

fracture fixation methods. The differing aspects of plate design
and application were incrementally changed from one case to
the other. These changes encompassed much of the range used
clinically in each case. The resulting comparisons highlighted the
factors that would be most likely to affect the construct stiffness.

The simplified FE model used in this study was not intended to
be a direct simulation of the patient in the clinical case since there
were inevitably too many unknown variables to build a patient-
specific model. Instead a simplified model was constructed which
allowed some of the aspects of the construct design to be evaluated
in more depth than would be possible from simple beam theory
calculations.

4.1. Limitations and corroboration

Considering the FE approach implemented in this study there
were several limitations that need to be highlighted. (1) The
stem–bone and screw–bone interfaces were fixed, whereas in real-
ity micro-movement can be present. This assumption was kept
the same between all the models to ensure the relative compar-
ison between the cases was valid although the absolute values
may  not have been. (2) The screws heads were not explicitly mod-
elled. While this assumption is reasonable in the case of the locking
plates, caution must be taken in interpreting the results of Models
6a and 6b. The screw was also represented to fit exactly through the
hole, so angular motion perpendicular to the screw shaft was more
constrained than in reality, so these cases simply demonstrate the
effect of increased movement in the direction of the screw shaft.
(3) This study did not attempt to analyse the effect of the plate-
bone compression possibly present in the blade plate fixation. This
aspect could have increased the predicted stiffnesses for Models 6a
and 6b. (4) A direct corroboration of the FE models with experimen-
tal in vitro models was beyond the scope of this study. However, an
indirect corroboration study was undertaken to verify the FE pro-
cedure described here against Yoon et al. [24] in a model of total
hip replacement (i.e. without plate and screws).

The fact that in Model 1, the plate under torsion exhib-
ited a stress concentration in a similar location to the fracture
in the clinical case provides some qualitative validation of the
model predictions [31,32].  Further comparisons with published
experimental data also show that the fracture movement and stiff-
ness reported here are within the range reported experimentally
[33,34], although there were some differences in the experimental
set-ups. With these limitations in mind, the absolute values of stress
were not reported in this study. Instead the aim was to make com-
parisons between the models studied, with some additional checks
undertaken to ensure these were robust to the major unknowns in
terms of the boundary conditions. Construct stiffness and fracture
movements were studied but the emphasis was  placed on the rel-
ative effects of the different construct parameters, rather than the
values themselves.

4.2. Effect of screw configuration

Changing the configuration of the screws (Models 1–3), in isola-
tion from any other aspect of the plating, provided a large reduction
in stiffness. Contributing factors include an increase in the bridging
length across the fracture site and ensuring that no screw passed
through the two  fragments of the fracture. Removal of the screw
passing through the fracture site substantially decreased bending
and torsional stiffness, implying that much of the stiffness of the
initial polyaxial plate construct could have been due to this screw

if it were fully engaged to the bone on both sides of the fracture. The
removal of this screw increased fracture movement on the medial
side of the bone but not on the lateral side. Only when the bridg-
ing length was increased further (i.e. Model 3) did the movement
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ncrease in the whole fracture area (Fig. 5). Moreover, a compar-
son between Model 2 and Model 3 indicates that an increase in
he bridging length to the extent that was ultimately used for the
lade plate could have led to a considerable increase in the fracture
ovement and reduction of the construct stiffness.
The trend of decreased fixation stiffness as a result of increased

ridging length is consistent with the previous experimental stud-
es of Ellis et al. [14] and Stoffel et al. [15] but in contrast with the
omputational studies of Duda et al. [35] and Chen et al. [26]. The
ork presented here replicates the early stage of fracture fixation
here no healing has yet occurred, while the computational studies
ith contradictory results [26,35] included elements representing

allus at the fracture site, which reduce the stresses in the plate.

.3. Effect of plate material and thickness

Changing the plate material to steel and increasing the plate
hickness both served to increase construct stiffness and reduce
racture movement (i.e. Models 4 and 5 versus Model 3). However
oth changes combined were insufficient to reverse the effects of
hanging the screw configuration.

A computational comparison of the two clinical cases indicated
hat the polyaxial plate fixation provided near absolute stability
cross the fracture site while the revised blade plate fixation pro-
ided a more flexible construct with some movement across the
racture. The polyaxial plate is intended to promote secondary
one healing, however, the stiffness of the polyaxial construct in
his study could have suppressed the fracture movement neces-
ary for secondary healing [11,36,37].  Equally, it is unlikely that
rimary healing would have been possible. As primary healing is
ot the intention of this plating regime, the necessary compression

s unlikely to have been generated between the bony fragments.

.4. Effect of movement at the screw–plate interface

Changing the screw fixation from locking mode to non-locking
ode produced a reduction in overall construct stiffness and

ncrease in fracture movement [33,38], although these variations
ere not nearly as substantial as those made by screw configuration

hanges. This provides some evidence that the screw configura-
ion has more significant effects than the screw–plate interaction,
s well as the material properties and plate thickness. However a
odel including more detailed screw geometry would be needed

o confirm this.

.5. Cumulative effect

In the clinical case, the revision blade plate fixation was  seen
o promote callus formation and eventually led to secondary bone
ealing. Computational results have confirmed that the blade plate
rovided greater movement at the fracture site, and shows that
iming for the maximum possible stiffness during internal fixation
lating can be detrimental to healing [7,9,11,37].  This is despite the
act that blade plate (made of stainless steel and 5.6 mm thick) is

 more rigid plate than the polyaxial plate (made of titanium and
.5 mm thick) and the results here highlight the importance of the
crew configuration in the overall construct behaviour.

Recently, Lujan et al. [39] showed a limited amount of callus for-
ation under screw configuration similar to Model 3. This suggests

hat the window in which the stiffness of the fracture fixation would
romote callus formation may  be small, as well as being likely var-

ed between patients [40]. Further research is required to gain a

reater understanding of the relationship between construct stiff-
ess and fracture healing, and to identify other factors which may

nfluence that relationship. The in vivo environment will vary from
atient to patient because of factors such as body weight, location
 & Physics 34 (2012) 1041– 1048 1047

and configuration of the fracture, bone quality and the capacity for
bone healing.

A successful plate fixation system must promote bone healing
while resisting fatigue failure and remaining firmly attached to
the bone [26]. Patient-specific application of locking plates (such
as choice of bridging length) may have as much influence on the
clinical outcome as the design of the plates themselves.

The FE modelling approach has considerable potential to be
developed to evaluate and optimise fixation systems, and could
certainly be used to evaluate the risk of plate failure, taking into
account these patient variables. However, a much greater level of
sophistication would be necessary to accurately predict the frac-
ture movement that would occur in vivo and the evaluation of the
potential for bone healing remains a greater challenge.

5. Conclusion

Patient frailty, bone quality, and the presence of the prosthetic
stem mean that the fixation of periprosthetic fractures is challeng-
ing. This paper used a simplified FE model to examine some of
the major variants in construct design and their relative mechan-
ical importance. This approach can identify which factors in plate
design and use are most important, and provide a focus for future
studies. From the results in this study, it is clear that screw config-
uration has a greater effect than plate material or thickness within
the current clinical range. The results suggest that there would have
been considerable mechanical differences between the two clini-
cal cases, with the second blade fixation being less stiff which could
have better promoted healing.

Combining the aspects of plating to achieve a level of fracture
movement within the range which will promote healing remains a
challenge and it is clear that much more realistic experimental and
computational models must be developed if periprosthetic fracture
fixation is to be optimised for a range of patient variables.
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