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The effect of fracture stability on the performance of locking plate fixation

in periprosthetic femoral fractures

Abstract

Periprosthetic femoral fracture (PFF) fixation failures are still occurring. The effect of fracture
stability and loading on PFF fixation has not been investigated and this is crucial for optimum
management of PFF. Models of stable and unstable PPFs were developed and used to
quantify the effect of fracture stability and loading in a single locking plate fixation. Stress on
the plate was higher in the unstable compared to the stable fixation. In the case of unstable
fractures, it is possible for a single locking plate fixation to provide the required mechanical
environment for callus formation without significant risk of plate fracture, provided partial
weight bearing is followed. In cases where partial weight bearing is unlikely, additional

biological fixation could be considered.

Keywords: fracture movement, weight bearing, strain, stiffness, finite element method

Running title: Biomechanics of periprosthetic femoral fracture fixation
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1. Introduction

Periprosthetic femoral fractures (PFF) can occur following primary total hip arthroplasty
(THR) [1-6]. The management of these fractures is becoming increasingly important due to
rise in number of THRs [4], but is challenging due to the presence of the underlying
prosthesis. Over recent years there have been a number of fixation failures reported in the
literature including instances of fixation plate fracture [3,5,7]. Interestingly, it appears that
most Vancouver Bl [1] PFF fixation failures were initially transverse fractures [5],
considering that if no gap were present at the fracture site postoperatively, these would have
been stable fractures with good bone quality. Nevertheless, overloading of the fixation plates
can cause local stress concentrations [5] which result in progressive damage over multiple
loading cycles and can cause plate fracture. Analysis of the construct geometry and loading
conditions which create these peaks of stress is therefore of interest.

Several authors have compared the application of various plates with different
configurations of locking and non-locking screws and cables to find the optimum fixation for
PFF [8-11]. However, these studies are commonly carried out on a particular fracture
configuration and loading with either stainless steel (SS) or titanium (Ti) plate. The success of
any one of these fixation constructs also depends on the configuration of the bone fracture and
its stability once reduced. For example simple, transverse (stable) fracture may allow for load
transfer at the fracture site, where a severely comminuted (unstable) fracture may not.

A number of factors including fracture stability, loading and material properties of the
fixation device will play a role in the stiffness of the construct, level of fracture movement
and subsequent healing mode of the fracture [12-15]. The effect of fracture stability and
loading on either SS or Ti plates in PFF fixation does not appear to have been investigated

and this is fundamental for optimum management of PFF.
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Experimental in vitro models have been commonly used to test different fixation
methods for PFF in terms of stiffness, fracture movement or surface strain [&8-11].
Computational models based on the finite element (FE) method allow the full pattern of strain
and stress distribution to be assessed, as well as providing the flexibility to test a wide range
of cases [16-19]. However, the computational model validity needs to be demonstrated [20].
Comparison with experimental in vitro data may be used to provide confidence in the model
predictions, but, as yet, such corroborated FE models of PFF fixation are surprisingly rare
[18].

In this study a FE model of the fixation of a Vancouver type B1 PFF within a stable
stem with good bone quality [1] was developed. The predictions of the model were first
compared with experimental tests to corroborate mechanical behaviour, with particular
emphasis on the fixation plate. This model was then used to address aims of this study: (1) to
quantify the effect of fracture stability on the performance of a locking plate fixation (2) to
compare the performance of SS versus Ti plate fixations in stable and unstable fracture under
two weight bearing conditions. The overall hypothesis of this study is that fracture stability

can considerably affect the performance of both SS and Ti locking plates in PFF fixation.

2. Materials and Methods

In the first step, FE models of stable (with no gap at the fracture site) and unstable (with a
10mm gap at the fracture site) periprosthetic fracture cases were developed to match
corresponding instrumented experimental models that were mechanically tested in the
laboratory. The stiffness, surface strain and fracture movement were compared. Following
this, in the second step, the FE models were altered to compare the performance of the SS
versus Ti plate in the stable and unstable PFF fixation cases under two weight bearing

conditions (Fig. 1).
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2.1 Experimental methodology

In a parallel experimental study [21], five PFF fixation models using large left synthetic
femurs (fourth generation composite femur, Sawbones Worldwide, WA, USA) were tested
and the one with the average stiffness was selected for this study (average specimen). In
brief, the femoral condyle (distal 60mm of the femur) was removed and a total hip
arthroplasty was performed using an Exeter femoral stem (V40;size N°0;offset 37.5) and head
(28mm diameter - Stryker, NJ, USA) both made of SS. The stem was inserted into the
femoral canal and cemented using polymethylmethacrylate (PMMA) cement (Simplex P,
Stryker, NJ, USA). A transverse fracture was created 10mm below the tip of the stem and
completely reduced with an eight hole SS locking plate (length: 155mm; width: 17.5mm;
thickness: Smm) where there was ca. Imm of gap at the plate-bone interface. Unicortical
screws (outer diameter: Smm; length: 13mm) and bicortical screws (outer diameter: Smm;
Length: 40mm - Stryker, NJ, USA) were used in the three most proximal and distal holes of
the plate respectively, leaving two empty screw holes across the fracture site. The specimen
was also taken to Leeds General Infirmary (Leeds, UK) where an antero-posterier x-ray
(Multix Fusion, Siemens, Erlangen, Germany) was taken to evaluate the construct.

The specimen was instrumented with eight uniaxial strain gauges (Tokyo Sokki
Kenkyujo, Tokyo, Japan) located on the medial side of the femur 0, 40, 80 and 200mm below
the lesser trochanter (SG1-SG4), on the lateral side of the femur 200mm below the lesser
trochanter (SGS5), and on the lateral side of the plate below the third (SG6), fourth (SG7) and
fifth (SG8) most proximal screw holes (see Fig. 2). The distal end of the specimen was fully
fixed using PMMA cement and grub screws (i.e. non-surgical headless screws used here
purely for mechanical purposes) into a cylindrical housing and mounted on a materials testing
machine (Instron, MA, USA) at 10° adduction in the frontal plane and aligned vertically in

the sagittal plane. This position simulates anatomical one-legged stance [22]. An axial load of
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500N, corresponding to recommended partial weight bearing following stable plate fixation
[23] was applied to the femoral head stem via a hemispherical cup.

The stiffness was calculated based on the slope of the load-displacement data obtained
from the material testing machine. The strain was measured in all the strain gauges at the
maximum load. The fracture movement was recorded using two digital cameras (Canon,
Tokyo, Japan) placed on the medial and lateral side of the femur, by photographing before
loading and at SO00N. Movements of two markers on each side on the proximal and distal
bony fragments were then digitized using a custom written program in MATLAB
(MathWorks, MA, USA). Following testing, an unstable fracture was simulated by cutting the
bone Smm above and below the existing fracture line to increase the fracture gap to 10mm.
The specimen was then reloaded to SOON and the measurements repeated.

2.2 Computational methodology

Model development: A computer aided design (CAD) model of the synthetic femur was
obtained from Biomed Town through the BEL repository managed by the Intituti Ortopedici
Rizzoli (Bologna, Italy) [24]. The model consisted of three segments: the cortical bone and
the proximal and distal cancellous bone. CAD files of the stem and locking plate were
provided by manufacturer (Stryker, NJ, USA). The model was assembled in SolidWorks
(Dassault Systemes, MA, USA). First, virtual total hip arthroplasty was performed where the
stem position was determined based on AP and ML radiographs. The cement mantle was
reconstructed based on the CT images of a reamed specimen. Second, a transverse fracture
was created by dividing the construct into two halves that were fixed using the same screw
and plate configuration as the experimental model (‘stable model’- Fig. 2). Lastly, a separate
model was developed in which a fracture gap of 10mm was induced similar to the
experimental procedure (‘unstable model’). In both models, the distal PMMA cement, screws

and cylindrical pot that were used in the experimental model to fix the specimen were also
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modelled to include the effect of deformation in this region. The models were then exported
to a finite element package (ABAQUS v. 6.9, Dassault Systemes, MA, USA) for analysis.
Material properties: All sections were assigned isotropic material properties with an elastic
modulus of 16.3GPa for cortical bone [25], 0.15GPa for cancellous bone [18], 2.45GPa for
cement [18], 200GPa for SS [17] and 110GPa for Ti [17]. A Poisson’s ratio of 0.3 was used
for all materials [17].

Interactions: The interfaces at the cancellous to cortical bone, cement to bone, grub screws to
cement, and screw head to plate were fixed. Contact conditions were specified with hard
normal contact stiffness. A coefficient of friction of 0.3 was used at the stem to cement,
housing to cement, plate to bone and bone to bone (i.e. fracture site in the stable model)
interfaces [26-29]. Screw-bone interfaces were modelled using an approach described
elsewhere [30], which was shown to lead to closer agreement between experimental and
computational models when modelling screw-bone fixation. In brief, sliding contact
conditions were created at the screw-bone interface, while screw pull-out/push-in was resisted
by attaching two spring elements between the screw end and medial side of the bone along the
screw shaft. A frictionless contact with normal contact stiffness of 600N/mm was used [31].
The total spring stiffness of bicortical screws was 3141N/mm that was halved for the
unicortical screws [32], corresponding to reported screw pull-out data.

Boundary conditions and loads: The constructs were loaded to replicate the experimental set
up. The distal cylindrical pot was fixed in all directions while the stem femoral head was
loaded under axial load of SOON.

Mesh sensitivity: Tetrahedral (C3D10M) elements were used to mesh all of the components
in ABAQUS. Convergence was tested by increasing the number of elements from 70,000 to
1,600,000 in five steps. The solution converged on the parameter of the interest (< 5% - axial

stiffness, strain, stress and fracture movement) with over one million elements.
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Measurements: In all models, axial stiffness was calculated by dividing the magnitude of
axial load by the displacement of the proximal section of the specimen. Strain was averaged
from four nodes corresponding to the strain gauge attachment sites in the experimental model.
Fracture movement was quantified from the displacement coordinates of the nodes
corresponding to the position of the markers in the experiment.

Simulation and analysis: The outputs of the stable and unstable fracture models were first
compared to the experimental results. In the case of the strain measurements, the agreement
was measured using the concordance correlation coefficient (CCC) [33]. The properties of the
plates and screws in both models were then changed to Ti and the models reanalysed. To test
the performance of the PFF fixations under higher loadings that can occur during full weight

bearing, all the models were also analysed under axial loading of 2300N [22].

3. Results
A comparison between the experimental and computational models in terms of axial stiffness,
surface strain measurement and fracture movement showed that:

(1) The computational models overestimated the axial stiffness of the stable and unstable
PFF fixation construct by 121% and 61% respectively. However, computational
models predicted 78% reduction in the stiffness of the stable compared to the unstable
PFF fixation which is comparable to 70% reduction that was shown by the
experimental model (Fig. 3).

(2) There was a high level of agreement in the strain measurements between the
experimental and computational models with a CCC of 0.77 for the stable and 0.8 for
unstable construct cases (Fig. 4).

(3) The computational models underestimated the axial fracture movement. However,

both models in the case of stable PFF fixation showed less than 0.lmm movement
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whereas in the case of unstable PFF fixation, the movement was in the range of 0.2 to
0.7mm. Also both models showed unparallel axial fracture movement between the
near and far cortex in both stable and unstable PFF fixation.

The computational predicted strain values, maximum von Mises stress on the plate, and
fracture movement for models with the different plate properties under the two axial loading
cases are presented in Tables 1 and 2. The results showed that:

(1) Strain on the proximal section of the femur (SG1-SG3) was lower in the unstable
compared to the stable PFF fixation; nevertheless the strain magnitudes were similar
in both cases under the two loading cases and with the two plate materials. The strain
in the distal section of the bone was higher in the unstable compared to the stable
fixation.

(2) Strain and stress on the plate were considerably higher in the unstable compared to the
stable fixation. For example, the maximum von Mises stress on the SS plate under
500N loading in unstable PFF fixation was ca. 32 times higher than the stable fixation.
Increasing the axial loading from S00N to 2300N led to ca. 4.6 times greater
maximum von Mises stress on the plate with similar conditions. Further, altering the
plate property from SS to Ti led to ca. a 1.3 and 1.1 fold reduction in the maximum
von Mises stress on the plate under same loading for stable and unstable PFF fixation
respectively.

(3) Fracture movement in the stable PFF fixation was less than O.1lmm in all cases,
whereas in the unstable fixation at 500N it was within the range of 0.2-1mm, and at
2300N it was above Imm for both SS and Ti plate in the medial view. Fracture
movement in the medial view was higher than the anterior view.

Maximum von Mises stress in the stable PFF fixation was on the lateral side of the plate

across the empty screw hole in all cases, whereas in the unstable fixation it was on the medial
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side of the plate between the third and fourth screw hole (Fig. 6). In the unstable PFF fixation
under 2300N load, the titanium plate came into contact across the empty screw hole with the
proximal bony fragment this led to a concentration of stress on the plate, however such

contact did not occur under same loading condition in the SS plate (Fig. 6).

4. Discussion

Quantifying the effect of fracture stability and loading on the relative risk of plate fracture for
PFF fixations does not appear to have been undertaken previously. In this study an FE model
was described and used to quantify the effect of aforementioned parameters in SS and Ti
locking plate fixation. In each case, peak stress values were compared with the yield stress
and fatigue life (as a result of cyclic loading) for each material, an indication of plate fracture
risk.

The FE model was first compared with experimental tests. A strong correlation was
found between the strain predictions of the experimental and computational models.
However, the computational models overestimated the stiffness of the experimental models.
This could be due to a number of factors, such as over-estimation of material or interaction
properties. FE models have been shown to be sensitive to the choice of interaction properties
at the interfaces [26,28,29]. The fact that there was a closer agreement between the
computational and experimental models of the unstable fracture (i.e. without interaction at
fracture site) compared to the stable fracture (i.e. with interactions at fracture site - Fig. 4)
indicates that this was one source of error. Despite this overestimation, it was reassuring that
both experimental and computational model captured very similar percentage of reduction in
the stiffness of stable compare to unstable PFF fixation (ca. 70% vs. 78% respectively). This,

coupled with the good agreement in strain within the area of interest in the fixation plate,
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provided confidence that the FE model was suitable for making the comparisons between
different fixation scenarios required for this study.

The overestimation of the stiffness clearly explains the underestimation of the fracture
movement predicted by the FE models. Nevertheless, the movement in both experimental and
FE models in the stable PFF fixation was below the threshold that is suggested to promote
callus formation (0.2-1mm) [13,14,34]. This rigid fixation explains why callus did not form in
some of the previous case reports of rigid PFF fixations [5,19]. Rigid PFF fixation can be
avoided by increasing the bridging length [35] or using alternative screw designs such as far
cortical locking screws [36].

As anticipated, the load sharing between the plate and the bone in the case of the stable
fracture caused higher compressive strain in the proximal bone and reduced tensile strain on
the surface of the plate (Table 1), when compared to the unstable fracture cases. Where this
load sharing existed, the maximum stress concentrations on the plate did not exceed the
fatigue limit (Table 3), even for the equivalent of five years of normal walking [17]. For the
unstable fracture cases, where the plate was the sole loading bearing component, maximum
plate stress was much higher. In the case of partial weight bearing was within the fatigue limit
of the SS and Ti commonly used to manufacture implants (see Table 3). Furthermore, the
fracture movement was within the range of 0.2-1mm [13,14,34]. However, under the higher
load of 2300N, not only was the fracture movement above the aforementioned range but also
the von Mises stress reached the yield level of both SS and Ti (Table 3) [17,37], suggesting
that mechanical damage could occur to the plate within a relative small number of cycles.

These findings have two clinical consequences. First, unstable fractures could be
potentially treated with a single Smm thick SS locking plate using the screw configuration
applied in this study provided that patient is restricted to partial weight bearing. Second, in the

cases where complete fracture reduction has not been achieved and a fracture gap is present

11
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postoperatively, the patient should be warned that full weight bearing can potentially lead to
mechanical failure of the fixation [38]. Nevertheless, orthopedic trauma surgeons may
consider long stem revision and bypassing the fracture gap or biological fixation in addition to
locking plates in the case of unstable PFF fractures, particularly in active patients [5,8,39].

Results here highlight that fracture stability and postoperative weight bearing can have a
more pronounced effect on the performance of plate fixation than the material properties of
the fixation, given that other biomechanical factors such as bridging length are the same
nevertheless patient variability cannot be ignored [40]. Lujan et al [41] suggested that Ti
plates can enhance callus formation when compared to the SS plate in distal femoral fractures.
The present study provides some quantification of the increase in plate bending and fracture
movement for Ti, which may contribute to enhanced callus formation. However, the yield
stress and fatigue limit of Ti are lower than that of SS (Table 3). Therefore the risk of failure
remains unless early callus formation and the resulting load sharing with the bone can be
created through careful postoperative loading.

A noteworthy, unanticipated result occurred in the unstable PFF fixation under axial
load of 2300N, the Ti plate came into contact across the fracture site to the proximal bony
fragment (see dotted rectangles in Fig. 6). FE models in this study predicted stress riser effect
on the plate fixation as a result of this contact. However, care must be taken in the
interpretation of this result since FE models in this study: (1) did not include any failure
criteria for the bone or other segments (2) considered a static loading where in reality the
fixation construct is under cyclic loading where it is likely that a small bony fragment at the
plate-bone contact zone will fail earlier than the plate. Nonetheless, this finding highlights the
importance of plate-bone gap particularly in Ti locking plate fixation. Such a gap has been
suggested to increase the flexibility of the fixation [42], prevent necrosis and ensure blood

supply to the fracture site that plays a crucial role in fracture healing process [43].
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In conclusion, in the case of unstable fractures or where a fracture gap is present post
operatively, it is possible for a single locking plate fixation to provide the required mechanical
environment for callus formation without significant risk of plate fracture, provided partial
weight bearing is followed. Full weight bearing significantly increases the risk of plate
fracture regardless of the whether SS or Ti plates are used. In cases where partial weight
bearing is unlikely, additional biological fixation could be considered. The FE model
described in this study will be used in future studies to investigate alternative fixation

methods for PFF fixation.
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Figure legends

Fig. 1 A schematic of this study.

Fig. 2 Experimental and computational model of PFF fixation. SG1-SG8 highlight the strain
gauge attachment area.

Fig. 3 Comparison between the experimental and computational stiffness of the stable and
unstable PFF fixation based on average specimen.

Fig. 4 Comparison between the experimental and computational strain of the stable and
unstable PFF fixation based on the average specimen.

Fig. 5 Comparison between the experimental and computational fracture movement on the
anterior (A) and medial (B) view of the stable and unstable PFF fixation based on the average
specimen.

Fig. 6 Comparison between von Mises stress contour plot of all cases. The regions of
maximum von Mises stress are highlighted by ovals. Dotted rectangles highlight the plate to
bone contact that did not occur in the stainless steel (SS) plate and occurred in the titanium

(T1) plate fixation under high axial loading of 2300N.
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Table legends
Table 1 Summary of the strain measurements and maximum von Mises stress on the plate.
Table 2 Summary of the axial fracture movement (mm) of PFF fixation constructs.

Table 3 Summary of yield stress, ultimate tensile stress and fatigue limit of SS and Ti [37].

20



501

Corroboration

Experimental vs.
computational model

SS plate loaded @500 N

SS plate loaded @500 N

Computationalmodel

SSvs. Tiplate loaded
under500 and 2300 N

SSvs. Ti plate loaded
under500 and 2300 N

21




(]
=
v

22



503

504

stiffness (kN/mm)
el

® experimental
B computational

W

%]
|

computational (microstrain)

1 .
0 - T
stable fracture unstablefracture
-------------------------------- 800 - - - - - - oo
[

_ A\ stablefracture __ Wlunstablefracture 490 | - ____________ m____
y=0.75x-9.21 y=1.31x+14.05 -
CCC=0.77 CCC=0.80 PR

———————————————————————————————— 200 -l

-

-
———————————————— A _K 200
-
-
PR
------ e oo 2400
|

experimental (microstrain)

23




A 080

® experimental
0.70 m computational
E
E 060
5
g 050
-5
>
g 040
=
£ 030
=
= 020
=
0.10
0.00 - ;
stable fracture unstable fracture
B = experimental
070 B computational

0.60

0.50

0.40

0.30

0.20
0.00 -

stable fracture unstable fracture

axial fracture movement (mm)

505

24



unstable unstable unstable

500N 500N 2300N 2300N
SS SS SS Ti
_EECEEEE BT T T T 7T T )
0 17 33 50 67 83100 117 133 150 167 183 200 0 83 167 250 333 417 500 583 667 750 833 917 1000

. von Mises stress (MPa)
507
508
509
510
511
512
513

25



514  Table 1 Summary of the strain measurements and maximum von Mises stress on the plate.

Axial load (N)

Material

SG1

SG2

SG3

SG4

SGS

SG6

SG7

SG8

Maximum von
Mises stress on

the plate (MPa)

515
516

517 Table 2 Summary of the axial fracture movement (mm) of PFF fixation constructs.

Axial load (N)

Material

Anterior

Medial
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519  Table 3 Summary of yield stress, ultimate tensile stress and fatigue limit of SS and Ti [37].

Material

ASTM designation

Condition

Ultimate tensile stress (MPa)

Yield stress (MPa)

Fatigue limit (at 10’ cycles-MPa)
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