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for over 70% of all cases, while the sub-type B1 fracture (when the total hip stem is stable) has remained
a clinical challenge due to incidences of severe complications after the standard plate-screw fixation. To
seek biomechanically sound fixations for the Vancouver type B1 fracture, this dissertation developed a
combined modeling and testing framework to investigate the efficacy of fixation for a Vancouver type B1
fracture using different construct lengths and different plating systems. Specifically, the coupled
musculoskeletal and finite element model of total hip stem and plate implanted femurs were developed to
simulate the physiological bone strain and the plate stress under loads of common activities of daily
living. The modeling results were shown to be able to effectively evaluate and compare the mechanics of
different plating systems and construct lengths but were also able to shed light on the mechanisms of
mechanical pathogenesis of PFFs. The models also showed good fidelity in predictions of bone strain
and bone remodeling stimuli as compared with the previous clinical and biomechanical studies. The
results of the coupled models were used as a basis for developing several new mechanical tests, which
were shown to match the simulated physiological bone strain and plate stress in the coupled
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ABSTRACT

Periprosthetic femoral fractures are the third most reason for reoperation after the total
hip arthroplasty with an incident rate of approximately 6%. The Vancouver type B
periprosthetic femoral fractures account for over 70% of all cases, while the sub-type B1
fracture (when the total hip stem is stable) has remained a clinical challenge due to
incidences of severe complications after the standard plate-screw fixation. To seek
biomechanically sound fixations for the Vancouver type Bl fracture, this dissertation
developed a combined modeling and testing framework to investigate the efficacy of
fixation for a Vancouver type B1 fracture using different construct lengths and different
plating systems. Specifically, the coupled musculoskeletal and finite element model of total
hip stem and plate implanted femurs were developed to simulate the physiological bone
strain and the plate stress under loads of common activities of daily living. The modeling
results were shown to be able to effectively evaluate and compare the mechanics of
different plating systems and construct lengths but were also able to shed light on the
mechanisms of mechanical pathogenesis of PFFs. The models also showed good fidelity
in predictions of bone strain and bone remodeling stimuli as compared with the previous
clinical and biomechanical studies. The results of the coupled models were used as a basis
for developing several new mechanical tests, which were shown to match the simulated
physiological bone strain and plate stress in the coupled musculoskeletal and finite element

models.
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CHAPTER ONE. THE CLINICAL RAMIFICATIONS OF
PERIPROSTHETIC FEMORAL FRACTURES AFTER A TOTAL HIP

ARTHROPLASTY

1.1 BACKGROUND

Periprosthetic femoral fractures (PFFs) are severe complications after a total hip
arthroplasty (THA). PFF is the third most frequent reason for reoperation after a THA
(Abdel et al., 2016). Incidences of PFFs after a THA have been continuously rising during
the past two decades (Miettinen et al. reported a 3-fold increase of surgically treated PFFs)
and are expected to keep increasing in the future (Abdel et al., 2016; Miettinen et al., 2021).
The increased rate of PFFs has been associated with the increased usage of cementless
THA stems and a higher level of post-operational activity in THA patients (Abdel et al.,
2016; Lindahl et al., 2006; Miettinen et al., 2021). To help determine appropriate treatment,
PFFs are typically classified using the Vancouver classification system based on the
location of the fracture (Fig. 1.1) (Marsland and Mears, 2012). The Vancouver type B PFFs
are the fractures located around or just beneath the tip of the implanted THA stem, which
account for over 70% of all PFF cases (Abdel et al., 2016; Laurer et al., 2011; Marsland
and Mears, 2012). If the type B fracture is concomitant with a loose THA stem, it is
categorized as B2 or B3 fracture, which often requires a revision of the loosened stem with

a longer stem (Abdel et al., 2016; Laurer et al., 2011; Marsland and Mears, 2012). Type
1



Bl PFFs are those with a well-fixed stem, therefore the standard treatment is Open
Reduction and Internal fixation (ORIF) (Laurer et al.,, 2011). Implantation of a
periprosthetic plate-screw construct can preserve the stem, therefore stem revision is not

necessary. This thesis will focus on the investigation of the mechanical mechanisms that

may cause type B1 PFFs, and the fixation mechanics of type B1 PFF.

B1 B2 B3 C

Fig. 1.1. Vancouver classification of PFFs based on locations of fracture (Marsland and

Mears, 2012).

Trauma has been reported to cause a majority of cases of type B1 PFFs. Notably, over
75% of the type B1 PFFs were due to a low-energy trauma, such as a fall from a standing
height (Abdel et al., 2016; Miettinen et al., 2021). Furthermore, over 20% of B1 PFFs were
nontraumatic stress fractures (Abdel et al., 2016). High incidences of low-energy fractures

and nontraumatic stress fractures are clear indications that bone strength may play a key
2



role in the pathogenesis of type B1 PFFs (Giovanni et al., 2020a; Randelli et al., 2018).
Patients with osteoporosis account for over 25% of all THA patients, osteoporosis has been
associated with increased risks of fractures (Franklin and Malchau, 2007). Clinically, the
high prevalence of stress fracture has been associated with the recently increased usage of
uncemented THA stems (Abdel et al., 2016; Marsland and Mears, 2012; Miettinen et al.,
2021). Meanwhile, incidences of nontraumatic stress fractures may indicate that
physiological loads during activities of daily living (ADLSs) may reach the critical level to
initiate microcracks and later develop into stress fractures. Due to degraded bone strength,
patients with osteoporosis may be prone to stress fractures (Franklin and Malchau, 2007;
Glowacki et al., 2003; Karachalios et al., 2020; Labuda et al., 2008; M&kinen et al., 2007;
Reid, 2020; Sidler-Maier and Waddell, 2015).

Though the stress/state of the bone-implant system may be used to assess the risks of
PFFs, it is inherently difficult to measure the in vivo stress/strain state of the bone-implant
system. Finite element (FE) models have been increasingly used to estimate the stress and
strain in bone and implant (Chen et al., 2022b, 2022a, 2021; Moazen et al., 2011; Speirs et
al., 2007a; Wang et al., 2019). Especially, the coupled musculoskeletal and FE models
enable the simulation of physiological muscle forces, thereby have become a useful tool
for the simulation of loading of ADLs (gait, stair-climbing, stair-descent, etc.) in both
native and THA-implanted femurs (Chen et al., 2022b, 2022a, 2021; Duda et al., 1998;
Kersh et al., 2018; Speirs et al., 2007b). However, modeling studies of osteoporotic femurs
are limited, and information on the mechanics of THA-implanted osteoporotic femurs is

lacking.



The efficacy of plate fixation for type B1 PFFs has been studied extensively. To date,
fixation using a laterally implanted locking compression plate has been proven to be
successful surgery to promote the healing of type B1 PFFs (Bryant et al., 2009; Moazen et
al., 2014; Moloney et al., 2014). Fixation using a locking compression plate can minimize
bone-plate contact by maintaining the bone-plate distance via locking screws, thereby
minimizing damage to the periosteum which could promote callus formation and fracture

healing.

(A) (B)

C
Plate (©) Secondary
breakage fracture

Type B1 PFF

Fig. 1.2. Fixation of the Vancouver type B1 fracture and its complications (plate breakage
and secondary femoral fracture). (A) Type B1 fracture and the fixation of the fracture using
a diaphyseal construct. (B) Plate breakage after the plate fixation. (C) Secondary femoral

refracture distal to the previously implanted diaphyseal plate.

However, the prognosis of plate fixation for type B1 PFF has been hindered by several

severe complications. The overall rate of complication ranged from 15.6 to 33.9% after the

4



plate fixation for type B1 PFF with approximately 59% of the failures requiring revision
surgeries (Abdel et al., 2016; Lindahl et al., 2006). Catastrophic failures of plate fixation,
including femoral refracture and plate breakage, not only require complex reoperation to
fix but also are associated with an increased rate of disability (residual limping) and
mortality (Abdel et al., 2016; Lindahl et al., 2007).

Femoral refracture has been reported to be the second most prevalent complication of
plate fixation for type B1 PFF. Causes of femoral refractures are multifactorial, including
patients’ demographic factors (sex, age, weight, level of activities, bone health, etc.) and
more importantly the mechanics of the bone-implant system (Giovanni et al., 2020a;
Moazen et al., 2011; Randelli et al., 2018; Wang et al., 2019). If the primary type B1 PFF
is successfully healed (fracture union is established), femoral refracture frequently occurs
distal to the healed primary PFF and is typically associated with the implantation of a short
diaphyseal plate-screw construct (Lindahl et al., 2006; Moloney et al., 2014). Since the
shorter diaphyseal plate does not span to the condyle of the femur, the most distal fixation
screw is typically located in the distal diaphysis. Previous clinical studies have
hypothesized that the most distal screw of the shorter construct may act as a stress riser due
to concentrated load transfer through the screw (Bryant et al., 2009; Moloney et al., 2014).
However, due to limited understanding of the in vivo mechanics of the bone-THA-plate
system, further investigation is needed to provide more information on the mechanisms of
femoral refractures in the distal femur.

To mitigate the risks of refractures in the distal femur, the longer condyle-spanning

construct has been proposed clinically for the fixation of type B1 PFF (Bryant et al., 2009;



Moloney et al., 2014). The condyle-spanning construct spans the full length of the femur
with the most distal screws inserted into the lateral condyle. Clinically, longer condyle-
spanning constructs have shown promise in lowering the risks of femoral refractures
(Bryant et al., 2009; Moloney et al., 2014). It has been hypothesized that the condyle-
spanning construct could avoid stress/strain concentration in the bone around and distal to
the most distal diaphyseal screw (Bryant et al., 2009; Chen et al., 2022a; Moloney et al.,
2014). Nonetheless, understanding is lacking regarding the mechanism of lowered risks of
femoral refractures.

Though not as prevalent as femoral refracture, the breakage of the plate is a severe
complication that requires complex revision surgery and is associated with a high rate of
post-operational morbidity and mortality (Boesmueller et al., 2015; Giovanni et al., 2020a;
Randelli et al., 2018). The breakage of the plate may occur both before and after the healing
of the type B1 PFF (Boesmueller et al., 2015; Giovanni et al., 2020a; Randelli et al., 2018).
The causes of plate breakage are also multifactorial. The injury state of the primary PFF
and the in vivo biomechanics of the bone-implant system have been proposed to be the
leading contributing factors (Giovanni et al., 2020a). Nonunion of the primary PFF has
been reported to cause increased risks of plate breakage (Boesmueller et al., 2015;
Giovanni et al., 2020a; Randelli et al., 2018). Meanwhile, clinical incidences of plate
breakage indicated that the plate does experience failure level load in vivo during activities
of daily living. However, due to difficulties in direct measurements, the in vivo loading and
the performance of the plate, including plate stress and the resultant moment and force in

the plate have not been comprehensively investigated.



Alternatively, several standard mechanical tests have been typically utilized to evaluate
the performance of the plate under simplified loads of isolated compression, bending,
torsion, as well as combined compression and torsion (Lenz et al., 2016b, 2016a; Lever et
al., 2010; Moazen et al., 2014, 2013). However, due to the lack of information on the in
vivo biomechanics of the plate evidence is lacking to show the standard tests may mimic

the effect of in vivo loads that the plate may experience.

1.2 OBJECTIVE AND CHAPTER OVERVIEWS

The overarching objective of this thesis is to seek biomechanically sound solutions for
the plate fixation of periprosthetic femoral fractures. The biomechanically sound solutions
should be able to minimize the risks of catastrophic fixation failures.

Chapter Two developed coupled musculoskeletal and FE models of THA-implanted
femurs and simulated physiological loads in three common ADLs. By estimating bone
strains, the models were used to evaluate the risks of type B1 PFF in THA-implanted
femurs. In addition, based on the simulated strain state of THA implanted femurs,
specifically the strain energy density, simplified mechanical tests were developed that were
able to match the profile of strain energy density in the femur under ADL loading.

Chapter Three further used coupled musculoskeletal and FE models of THA and plate-
implanted femurs to investigate the risks and the mechanisms of plate breakage in femurs
either with or without an existing type B1 PFF under simulated loads of three common
ADLs. The model predicted plate stress, as well as the resultant moment and force in the

plate, were used as the basis to assess whether simplified mechanical tests may reproduce



the plate mechanics resulting from ADL-loading. Models evaluated plate stress and load
transfer for both the existing standard test and the newly-developed mechanical test.

Chapter Four used the newly-developed simplified testing configuration in Chapter Two
to validate FE models of THA and plate-implanted femurs. The validated femur FE models
were then used to evaluate and compare the fixation mechanics of two different plating
systems and two different construct lengths (a diaphyseal fixation construct and a condyle-
spanning construct) under simulated physiological muscle loads of simulated gait.
Specifically, the risks of femoral refractures, occurring most frequently around the most
distal diaphyseal screw or just below the end of a short diaphyseal construct, were assessed
based on estimated bone strains.

Chapter Five applied a similar strategy in chapter 4 to assess the fixation mechanics of
the plating construct in osteoporotic femurs under simulated loads of three common ADLSs.
The resulting bone strain, plate stress, load transfer, and local stiffness were compared
between models of healthy and osteoporotic femurs. In addition, osteoporosis-associated
muscle weakening was simulated in FE models of osteoporotic femurs to investigate the
impact of varied muscle forces on the fixation mechanics of plating construct in
osteoporotic femurs.

Chapter Six summarized the current understandings of the mechanics of plate fixation
for type B1 PFF, and proposed future directions for both mechanical and modeling studies
that would further the process of seeking biomechanically sound solutions for plate

fixations of type B1 PFFs.



CHAPTER TWO. MECHANICS OF THA-IMPLANTED FEMUR IN
ADLS AND THE DEVELOPMENT OF PHYSIOLOGICAL STRAIN

STATE BASED MECHANICAL TESTS

2.1 INTRODUCTION

As the total amount of THA patients rises continuously, cases of PFFs are expected to
rise in the foreseeable future (Abdel et al., 2016; Marsland and Mears, 2012; Miettinen et
al., 2021). The increased usage of uncemented THA femoral components in recent years
has been associated with increased incidences of post-THA PFFs (Abdel et al., 2016;
Lindahl et al., 2007; Miettinen et al., 2021).

The magnitude and distribution of principal strains in periprosthetic bone have been
demonstrated to be indicators of the risk of bone fractures. Though it is difficult to measure
in vivo bone strains, FE models have been proven to be an effective tool for the prediction
of bone strains. Especially, the coupled musculoskeletal and FE model has enabled the
simulation of physiological joint contact force and muscle forces during ADLs. Several
previous studies have used the coupled musculoskeletal and FE model to simulate gait-
loading in both intact and THA-implanted femurs to estimate the risks of femoral fractures
and PFFs (Edwards et al., 2016; Speirs et al., 2007; Taylor et al., 1996). Nevertheless,

information is lacking on the state of post-THA femoral strains during other activities.

9



Due to the difficulties in experimental replication of the complex muscle loads,
validation of the coupled musculoskeletal and FE models against biomechanical testing is
lacking. Post-THA changes in strain energy density (SED) have been identified to be the
mechanical stimuli for bone remodeling (Lerch et al., 2012; Szwedowski et al., 2012).
Using the coupled musculoskeletal and FE models of THA-implanted femurs, good
agreement was achieved between the model-estimated bone remodeling stimuli and
radiographic measurements of periprosthetic bone remodeling (Lerch et al., 2012;
Szwedowski et al., 2012).

Simplified cadaveric tests have also been developed to assess the mechanical impact of
THA or fixation hardware on bone mechanics (Moazen et al., 2011; Wang et al., 2018). FE
models of those standard tests have also been developed and increasingly utilized to
improve the efficiency in implant development. Though the simplified loadings were
typically developed based upon in vivo hip contact force and hip moment (Bergmann et al.,
2001), contributions of the complex muscle forces have rarely been considered. Moreover,
previous modeling studies have shown the importance of properly distributed muscle
forces on the fidelity of predicting physiological femoral strains as compared with using
simplified loads in standard tests (Lerch et al., 2012; Speirs et al., 2007; Taylor et al., 1996).
Thus far, no study has shown whether simplified loading configurations used in mechanical
tests may simulate the femoral strain states seen in ADL loads.

The objectives of this chapter are two folds: first, to investigate the biomechanical
mechanisms of PFFs by evaluating the strain state of THA implanted femurs; second, to

investigate whether simplified mechanical tests derived from a FE integrated optimization

10



approach may replicate the state of femoral strains seen under different ADL loads.
Coupled musculoskeletal and FE models were developed for three cadaveric femurs, while
loads of three common ADLs (gait, stair-descent, and sit-to-stand) were simulated to
evaluate the strain state of THA-implanted femurs. Models of THA-implanted femurs were
used to verify the fidelity of FE models by comparing the calculated post-THA bone
remodeling stimuli with the reported clinically measured radiographic bone remodeling.
Specimen-specific axial compression and combined compression and torsion tests were
then developed for each ADL via best matching the SED profile of the THA-implanted
femur under ADL loads. The fidelity of the compression and combined compression and
torsion models was further assessed by 1) comparing the model-estimated periprosthetic
bone remodeling stimuli with the corresponding ADL-loading model; 2) comparing the

model-predicted bone fatigue regions with the corresponding ADL model.

2.2 MATERIALS AND METHODS

2.2.1 SPECIMEN PREPARATION AND THA IMPLANTATION

Three fresh frozen cadaveric specimens of lower extremity (all right limbs, all males,
69.7 £7.4 years old, 173.6 +1.2 centimeters, 71.1 +£13.5 kilograms) were CT scanned
(slice thickness 0.6 mm and pixel size 0.5 mm, SIEMENS, Munich, Germany) with a
density phantom (QCT Pro, Mindways Software, Inc., Austin TX, USA). Each femur was
dissected of soft tissues and was physically implanted with a commercially-available
cementless femoral stem and a 32-mm-diameter femoral head (SUMMIT®, Depuy) by an

orthopaedic surgeon. To determine the positions of the THA component relative to each

11



femur, surfaces of the femur, the THA stem and head were digitized as point clouds using

a 3D optical motion capture system (Optotrak Certus, Northern Digital, Waterloo, Canada).

2.2.2 FINITE ELEMENT MODELING

FE models of the intact and the THA-implanted femur were developed using the
segmented femur geometries from the CT scans (ScanlP, Synopsys, Mountain View, CA,
USA). Models of the physically implanted THA stem and femoral head were virtually
implanted into each femur model in Solidworks (Dassault Systémes, Véizy-Villacoublay,
France). To replicate the in situ implant position in the physical specimen, the implant
models were aligned to the femur model based on the positions of digitized point clouds
using a rigid iterative closest point algorithm in Matlab (MathWorks, Natick, MA, USA).

The intact and implanted femur models were imported into Abaqus 2018 (Dassault
Systames, Vé@izy-Villacoublay, France), where geometries were meshed using 10-noded
tetrahedral elements. A preliminary mesh convergence study was performed to determine
an average edge length of 2.5 mm for the femur to be optimal for both converged strain
prediction and computational cost. The interfaces between stem and bone, as well as stem
and femoral head, were modeled as fully bonded to simulate idealized load transfer.

The apparent density of the bony materials was interpolated from CT Hounsfield units
(HUs) using the CT density phantom (Eq. 1-3) (Schileo et al., 2008). Note the coefficients
of coversion between HU and bone mineral density (Eg. 1) was specimen specific, since
each specimen was CT scanned with the density phantom. Young’s moduli of bony

materials were calculated from apparent density using an established relationship (Eq. 4)
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(Morgan et al., 2003). Material assignment was performed in Bonemat software (Taddei et
al., 2007). Each femur model contained approximately 400 bony materials with Young’s
moduli ranging from approximately 10 MPa to over 18,000 MPa in 50 MPa intervals. The
Poisson’s ratio for all bony materials was set to be 0.3 (Morgan et al., 2003). The implanted
cobalt chrome THA stem and femoral head were modeled as linear elastic materials with
a Young’s modulus of 210,000 MPa and a Poisson’s ratio of 0.29.

Bone Mineral Density (g/cm3) = —0.02184 + 0.8242 * HUs Eq.1

Ash Density (g/cm3) = 0.8772 * Bone Mineral Density+ 0.07895 Eqg. 2

Apparent Density (g/cm®) = Ash Density / 0.6 Eq. 3

Young’s modulus (MPa) = 6850 * Apparent Density™*’ Eq. 4

2.2.3 ADL-LOADING FE MODELS

Peak hip contact forces and corresponding femoral muscle forces during gait, stair-
descent and sit-to-stand were calculated using one of the lower extremity musculoskeletal
models that were originally developed for THA patients that had participated in a
laboratory testing session (Myers et al., 2018). Specifically, peak forces during gait were
taken at the point of contralateral toe-off (approximately 25% of the stance phase) (Myers
et al., 2018). Before applying to the FE models, the muscle forces and hip joint contact
forces were scaled by a factor determined by the difference in body weight (BW) between
each cadaveric specimen and the original THA patient from the lab. A subset of muscle
forces (larger than 50 N, approximately 7.5% BW) were applied to the FE models to reduce

the complexity in model development and simulation. Compared with the model using all
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the muscle forces, a preliminary study showed that applying the subset of muscle forces
had negligible effect on femoral strain.

In both the intact and the THA-implanted models, muscle forces were modeled as
distributed loads applied over designated surface areas of muscle insertions (Fig. 2.1). The
locations of muscle insertions were estimated from the musculoskeletal model (Myers et
al., 2018). To avoid stress concentration, an elliptical insertion area was defined for each
muscle centered at its insertion point (Speirs et al., 2007). In the intact femur models, the
peak hip contact force was modeled as a distributed load over a surface region on the
femoral head to avoid large stress caused by concentrated point load. The surface region
was centered at the projected point of the hip contact force vector on the intact femoral
head. Since hip contact forces were different in different ADLs, the surface region was
redefined for each ADL. In the THA-implanted models, the hip contact force was applied
through the center of the femoral head (Fig. 2.1). All translations were constrained for the
surface nodes of the femoral condyles (Fig. 2.1). Anterior/posterior translation was fixed
for the surface nodes in the articulating region of the patellofemoral joint (Fig. 2.1).

It was initially observed that the intact and THA FE models estimated unrealistic level
of femoral deflection (> 10 mm) when applying the musculoskeletal model originally
predicted hip contact and muscle forces during gait and stair-descent. An unphysiological
femoral deflection has also been reported by other investigators while using model-
predicted hip contact and muscle forces directly as input for FE models (Speirs et al., 2007).
To limit the femoral deflection to a reported physiological range (< 5 mm, Taylor et al.,

1996) muscle forces were adjusted using an iterative optimization approach integrated with
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the FE models while maintaining the moment about the hip. This approach resulted in
additional co-contractions of the important antagonistic muscles.

Hip contact force
1

1
| Gluteus medius-1

Gluteus mcdiu.i—Z Force (percentage BW)
Gluteus medius-37 /3 : _ Gait__| Stair-descent | _Sit-to-stand
4 n . & L Hip contact force 269% 320% 111%
b Gluteus maximus-1 7 iluteus minimus Gluteus medius - 1 77% 109% | nan
% ' Gluteus medius - 2 39% nan nan
£ o) Gluteus maximus-l\ Gluteus medius - 3 39% nan___ | nan
' \ ‘\ Gluteus maximus -1 33% 84% 10%
4 A Gluteus maximus -2 8% nan 38%
3 A Glutcus minimus 16% 1% nan
. Vastus laterlis 97% 91% | 130%
4 ,:> \ Vastus intermedius 23% 22% | 20%
Vastus medialis 29% 27% 31%
‘-_v \ '\'\\&Yaslus intermedius | Tens.nr fascia latae 13% nan nan
. . Biceps femoris short head nan 56% nan
Vastus mediali Adductor longus nan 27% | 44%
Tlliacus nan 45% 10%

R | \ Psoas nan 50% nan
; Tensor fascia latae |’ .
‘ Boundary condition
T

#Vastus lateralis

THA implanted THA FE model
cadaveric femur Gait loading

Fig. 2.1. Coupled musculoskeletal and FE model of a THA-implanted cadaveric femur.
The THA-implanted FE model replicated the in situ position of the femoral component in
the physically-implanted specimen. Muscle forces were applied to FE models as distributed
loads over designated muscle insertion areas (ellipsoids in red) on the surface of the femur
model. Directions of muscle forces were obtained from the musculoskeletal model.

Lengths of plotted muscle vectors were proportional to the magnitude of muscle forces.

In the gait FE model, gluteus maximus 1 and 2 were activated more by 16% and 7%
BW, respectively. Meanwhile, the vastus lateralis was activated more by 30% BW.
Simulation of peak loads in stair-descent required adjustment of forces in gluteus medius,
adductor longus and vastus lateralis muscles (increased by 21%, 12% and 15% BW,
respectively). In the sit-to-stand FE model, forces in gluteus maximus and vastus lateralis

were increased by 8% and 12% BW, respectively. The adjusted muscle forces were
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comparable to the literature reported muscle forces in the three ADLs (Bitsako et al., 2005;
Correa et al., 2010; Duda et al., 1996; Myers et al., 2018; Taylor et al., 1996; Verdonschot
et al., 2001). SED, as well as maximum and minimum principal strains in the femur were
calculated using the intact and the THA-implanted FE models.

In the THA-implanted ADL-loading models, the mean SED values in bony elements
were calculated in 30 consecutive cross-sectional volumes (10-mm-interval) along the
diaphysis of the femur (Fig. 2.2). For each ADL-loading model, FE models of axial

compression and combined axial compression and torsion tests were developed to match

the SED profile of the THA-implanted femur.

Axial force
Axial torque

Flex/Ext —-~3 Hip contact force

. Muscle force
<:I > (Distributed load)
15 \\
0

Boundary condition
25 J
30 .

p

30 cross sections

TLLLLLLLAAL W PLLL

Boundary
condition

i

SED (MPa) o
Simplified SED profile ADL-loading
tests of the femur model

Fig. 2.2. Development of axial compression and combined axial compression and torque

tests (simplified tests, left) to match the SED profile of the femur (middle) in the

corresponding ADL-loading model (right).

2.24 DEVELOPMENT OF AXIAL COMPRESSION AND COMBINED AXIAL
COMPRESSION AND TORSION TESTS USING FE MODELS
An iterative optimization approach was developed to adjust the configurations of axial

compression and combined axial compression and torsion tests to match the femoral SED
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profile of the corresponding ADL-loading FE model. Three loading configurations were
optimized for the axial compression test: the magnitude of the axial force, and
flexion/extension and varus/valgus angles of the femur as mounted in a test frame (Fig.
2.2). Development of the combined axial compression and torsion test included an axial
torque, while maintaining the axial compression and the alignment of the femur the same
as the optimized axial compression test (Fig. 2.2). As mounted in a test frame, the axial
compression was applied through the center of the femoral head in a vertical direction after
the femur was aligned in desired angles (Fig. 2.2). The axial torque was applied about the
same vertical axis (Fig. 2.2). The minimum increment for the iterative optimization of
flexion/extension and varus/valgus angles was 0.1< The minimum increments for the axial
compression and the axial torque in the optimization procedure were 100 N and 1 Nm,
respectively. To simulate the boundary condition of the femur as mounted in a test frame,
the distal femur was virtually resected just proximal to the distal end of the femoral
condyles. All translations of nodes in the resection plane were constrained (Fig. 2.2). The
percentage error in SED was calculated in each cross-sectional volume between each
simplified-loading FE model (axial compression or combined axial compression and
torsion) and the corresponding ADL-loading model (Fig. 2.2). Optimization was
considered converged when the mean percentage error in SED (over 30 cross sections)
reached less than #5%.

Post-THA bone remodeling stimuli were calculated for the models of optimized axial
compression and combined axial compression and torsion and compared with their

corresponding ADL-loading model. Post-THA bone remodeling stimulus (&) was defined
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as the percentage change in SED per unit mass (Eq. 5) in periprosthetic bone elements as
compared with the intact femur (Eq. 6) (Lerch et al., 2012). Calculated bone remodeling
stimuli were distinguished into stimulus for bone resorption (§ < -75%), no change (-75%
< & <75%), bone formation (§ > 75%), and overloading (bone necrosis, & > 400%) (Lerch
et al., 2012). Distributions of predicted bone remodeling stimuli were described using
Gruen zones and compared with other modeling and clinical studies (Brodner et al., 2004,

Lerch et al., 2012; Panisello et al., 2006).

SED

5= p_app =4.5
£ = M x 100% Eq. 6
intact

Based on the reported fatigue thresholds in maximum principal strain and minimum
principal strain (2500 e and -4000 e, respectively, Pattin et al., 1996), fatigue regions
were identified as bone elements that experienced principal strains beyond those thresholds.
Prevalence of fatigue regions were assessed in simplified-loading models and compared

with the corresponding ADL-loading model for each specimen.

2.3 RESULTS

2.3.1 SIMULATIONS OF PHYSIOLOGICAL STRAIN STATE OF THA-IMPLANTED
FEMURS

Applying appropriately distributed muscle forces, the ADL-loading intact and THA-
implanted FE models predicted physiological levels of femoral deflection across all three
ADLs (Table 2.1). In ADL-loading models, specimens A and B consistently showed bone

resorption stimuli in Gruen zones 1, 2, 6 and 7, whereas bone formation stimuli were
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predominantly observed in the proximal aspect of Gruen zone 1 and in Gruen zone 3 (Fig.
2.3B). In contrast to specimens A and B, ADL-loading models of specimen C did not show
bone resorption stimuli in Gruen zone 5 (Fig. 2.3B). Under gait and stair-descent loads,
specimen C showed bone formation stimuli in Gruen zones 1, 2, 6 and 7 adjacent to the

stem, where bone resorption stimuli were observed in specimens A and B (Fig. 2.3B).

Peak hip contact force .
ADL (%BW) Model | Peak deflection (mm)

. Intact 3.6 0.5
Gait 269%

THA 1.6 +£0.3

. Intact 4.7 +0.2
Stair-descent 320%

THA 3.5+04

. Intact 2.7 +0.1
Sit-to-stand 111%

THA 2.6 +0.3

Table 2.1. The ADL-loading intact and THA-implanted FE models predicted physiological

levels of femur deflection across three simulated ADL loads in three specimens.

A Bone remodeling stimuli
Bone necrosis
400% (Overloading)
— Bone formation
75%
0 — No change
-75%
— Bone resorption
Zone 4
Specimen A Specimen B Specimen C
’ i
Zone | Zome 1 1 7 1
7 7 ’ 7 Ty ¢ ' “

Zoned Zones | Zoned ZoneSV[ |Zoned  zones | Zoned Zones
'

rome 1 ' Zan ne Zone 1
zone one a
Fone T Fane T I Zone
zane 2 Zone 0} | Nzoned zone6f [Mzone2  yone M| " zone 2 Zones |1 Zonez Zomes] || Zonez

1 1%
Zone 4 Zonc 4 Zonc4 Zoned

Gait Stair-descent  Sit-to-stand Gait Stair-descent  Sit-to-stand
Fig. 2.3. Simulated bone remodeling stimuli under simulated loads of three common ADLSs.
(A) Locations of Gruen zones and the colormap of bone remodeling stimuli. (B)

Estimations of bone remodeling stimuli in different ADLSs.
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Bone elements experiencing strains beyond fatigue thresholds (2500 pe in maximum
principal strain and -4000 e in minimum principal strain) were observed in all three
specimens during stair-descent, and in specimens B and C during gait (Fig. 2.4). Observed
fatigue regions located around and adjacent to the tip of the implanted stem (Fig. 2.4).
Those locations were consistent with the site of VVancouver type B periprosthetic femoral

fractures (Laurer et al., 2011).
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|

I £ -800 / . |

\ E 4 \
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\ 1000
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A

4 1)
Gait Stair-descent  Sit-to-stand Gait Stair-descent  Sit-to-stand

Fig. 2.4. Maximum and minimum principal strains in specimen B under simulated loads of
three ADLs. Bone elements experiencing higher than 1500 e in maximum principal strain
(A), and lower than -2400 e in minimum principal strain (B) were isolated and plotted.
Note that concentrated strains in proximal and distal aspects of the ADL-loading femurs
(inside dashed black ellipsoids) were caused by either the application of muscle forces or

the definition of boundary condition.
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2.3.2 DEVELOPMENT OF AXIAL COMPRESSION AND COMBINED AXIAL
COMPRESSION AND TORSION TESTS USING FE MODELS BASED ON ADL-
LOADING MODELS

The optimized loading configurations for axial compression and combined axial
compression and torsion tests were summarized in Table 2.2. For instance, the gait-loading
based axial compression test included a compressive force of 293 £8% BW, and a femur
alignment in 3.7 £0.4 “extension and 2.3 £0.3°varus (Fig. 2.5, Table 2.2). The combined
axial compression and torsion test introduced an additional 4.3 1.2 Nm internal torque
(Fig. 2.5). The SED profile calculated by the optimized simplified-loading models matched
well with the gait-loading model (Fig. 2.5). The mean percentage error in SED profile as
compared with the gait-loading model was -3.2 +0.9% for the axial compression model,
while the combined axial compression and torsion model further reduced the mean
percentage error to -0.6 £1.0% (Fig. 2.6). In stair-descent, optimized simplified-loading
models (Table 2.2) resulted in mean percentage errors of -2.1 £1.6% and -0.6 +0.9%,
respectively (Fig. 2.6). The sit-to-stand loading based tests (Table 2.2) showed mean

percentage errors of -1.3 £1.5% and 0.0 £0.3%, respectively (Fig. 2.6).

Combined axial
Axial compression compression and
torque
ADL Flexion (+)/ Valgus (+)/ . Axial torque
. Axial force -
extension (-) varus (-) (%BW) (internal +,
(9 (9 external -; Nm)
Gait 3.7+04 -2.3+0.3 293 +£8% 43+1.2
Stair-descent 3.6 0.2 -1.8 £0.2 460 £33% 6.0 +£0.8
Sit-to-stand 5.0+0.7 -5.2 0.5 164 +14% 0.3+1.9

Table 2.2. Optimized loading configurations for axial compression and combined axial

compression and torque tests based on three ADLSs.
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Fig. 2.5. Comparisons of SED profile between gait-loading model and models of simplified
mechanical tests. The SED profile calculated by the axial compression and combined axial
compression and torque FE models closely matched the SED profile as seen in the gait FE
model. Mean values of optimized loading configurations for axial compression and
combined axial compression and torque tests were shown, while SED profiles were plotted
for models of specimen A. Note that concentrated SED in proximal femur (inside dashed

black ellipsoid) was caused by application of muscle forces.
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Fig. 2.6. Mean percentage errors in SED profile of optimized axial compression and
combined axial compression and torque FE models as compared with gait, stair-descent,

and sit-to-stand models.
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2.3.3 VERIFICATION OF SIMPLIFIED-LOADING MODELS

Under loads of gait and stair-descent, axial compression and combined axial
compression and torsion tests of specimens A and B generally agreed with ADL models in
predictions of bone remodeling stimuli (Fig. 2.7A and B). Except for the proximal aspect
of Gruen zone 1, where simplified-loading models over-estimated bone resorption stimuli
by -32.2 £8.6% (Fig. 2.7C). Under sit-to-stand load, simplified-loading models of
specimens A and B over-estimated bone formation stimuli and overloading in Gruen zones
3,4 and 5 (by 57.3% in A and 49.6% in B; Fig. 2.7C), while under-estimated bone
resorption stimuli in the lateral aspect of zone 4 (-15.5% in A and -20.8% in B; Fig. 2.7C).
Similar to specimens A and B, simplified-loading models of specimen C showed good
agreement with ADL models in simulations of gait and stair-descent, except for the over-
estimated bone resorption stimuli in Gruen zone 1 (by -30.2%; Fig. 2.7C). Simplified-
loading models of specimen C also over-estimated bone formation and overloading in sit-

to-stand (by 70.4%; Fig. 2.7C).
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Fig. 2.7. Comparisons of bone remodeling stimuli in models of simplified mechanical tests.
Estimated bone remodeling stimuli were compared between axial compression (A) and
combined axial compression and torsion (B) models. Differences in estimated bone
remodeling stimuli (C) were calculated between combined axial compression and torque

and ADL-loading models.

Simplified-loading models of three specimens estimated similar fatigue regions as
compared with their corresponding ADL-loading models (Fig. 2.8A and B). However,
simplified-loading models over-estimated volumes of fatigue regions in both maximum

and minimum principal strains (Fig. 2.8C and D).
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Fig. 2.8. Estimated bone fatigue regions and the volume of fatigue elements. Maximum
and minimum principal strains in specimen B were shown for the models of combined axial
compression and torsion (A and B). Mean volumes of element experiencing higher than
fatigue threshold in maximum (C) and minimum (D) principal strains during gait and stair-
descent in specimens B and C (specimen A did not show fatigue region under gait loads).
Fatigue thresholds were 2500 e in maximum principal strain and -4000 e in minimum

principal strain (Pattin et al., 1996).

2.4 DISCUSSION

Using appropriately distributed muscle forces, ADL-loading models developed in this
study predicted physiological patterns of remodeling stimuli in the periprosthetic bone as

compared with clinical observations (Bitsakos et al., 2005; Brodner et al., 2004; Lerch et
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al., 2012; Panisello et al., 2006; Szwedowski et al., 2012). The proximally located bone
resorption stimuli were consistent with clinically reported regions of stress shielding
observed around cementless THA stems (Brodner et al., 2004; Panisello et al., 2006).
During stair-descent and sit-to-stand, bone formation stimuli observed in Gruen zones 3
and 4 were consistent with the reported periprosthetic site showing postoperative increases
in bone mineral density (Brodner et al., 2004; Panisello et al., 2006).

Fatigue regions were observed in periprosthetic bone in specimens B and C when
applying simulated loads of gait and stair-descent. The fatigue regions contained
concentrated bone elements that showed bone strains above the fatigue thresholds in either
maximum or minimum principal strains. The estimated fatigue regions were consistent
with the frequently reported locations for Vancouver type B1 PFFs. Previous FE modeling
studies typically evaluated gait loads, however, the results of our study demonstrated that
evaluating a composite of ADLs may provide more comprehensive information on the
biomechanics in THA-implanted femurs.

This study successfully developed axial compression and combined axial compression
and torsion tests for three common ADLs using an FE-integrated optimization approach
via matching the femoral SED profile in THA-implanted models of three specimens. FE
models of optimized axial compression and combined axial compression and torsion tests
showed good agreement in predicting bone remodeling stimuli and fatigue regions as
compared with ADL-loading models and literature results (Bitsakos et al., 2005; Brodner
et al., 2004; Laurer et al., 2011; Lerch et al., 2012; Panisello et al., 2006; Szwedowski et

al., 2012).
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Optimized axial compression and combined axial compression and torsion tests
generally achieved good agreement with ADL loading models in predicting bone
remodeling stimuli. The most noticeable differences between simplified-loading models
and their corresponding ADL-loading models were observed during sit-to-stand.
Simplified-loading models consistently overestimated bone formation stimuli and
overloading in Gruen zones 3 and 5, and the medial aspect of zone 4, while over-estimated
bone resorption stimuli in the lateral aspect of zone 4 (Fig. 2.5D). Forces of vastus muscles
were applied through the bone surface located just below the tip of the THA stem in ADL-
loading models, while the vastus lateralis force was considerable in the sit-to-stand model
(130% BW in vastus lateralis, Fig. 2.1). Simplified-loading models did not capture the
effect of vastus muscle forces on bone remodeling stimuli during sit-to-stand. Similarly,
simplified-loading models could not capture the effect of high forces in gluteus medius
during gait and stair-descent thereby over-estimated bone resorption stimuli in the proximal
aspect of Gruen zone 1 (gluteus medius forces were applied at the surface of the proximal
aspect of Gruen zone 1, Fig. 2.1). Our findings were consistent with the reported lower
bone resorption stimuli observed in the vicinity of muscle insertions (Bitsakos et al., 2005).
The good agreement between ADL-loading and simplified-loading models in bone
remodeling stimuli predictions in femoral diaphysis (Gruen zones 2, 3, 5, and 6) was the
result of a combined effect of applying optimized loading configurations and the lack of
impact through large muscle forces in the vicinity.

Though the FE model predicted bone remodeling stimuli agreed with clinical findings,

varied distributions of bone remodeling stimuli were observed in different specimens.
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During the same ADL, specimens A and B showed similar distributions of bone
remodeling stimuli (Fig. 2.7). Specimen C showed less bone resorption stimuli in Gruen
zone 5, and more bone formation stimuli in elements adjacent to the proximal portion of
the stem compared with specimens A and B. Among three specimens, specimen C had the
highest body weight of 89.8 kg (specimen A: 64.9 kg; specimen B: 58.5 kg). Specimen C
also showed more elements with a bone mineral density close to or higher than 1.8 g/cm3
in Gruen zones 3, 4, and 5 (Fig. 2.9). Though input forces were higher in FE models of
specimen C due to its higher body weight, higher bone mineral density resulted in overall
higher von Mises stresses and more load transfer to the periprosthetic bone after THA
implantation. At a cross-section just below Gruen zones 1 and 7 in the gait-loading model,
load transfer through bone was 27% in specimen C compared with a mean of 17% in
specimens A and B. More load transfer through periprosthetic bone thereby resulted in

higher post-operative SED in bone and increases in bone formation stimuli.
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Fig. 2.9. Comparisons of bone mineral density in Gruen zones across three specimens.

The literature data and our results both showed that coupled musculoskeletal and FE

models using appropriately distributed muscle forces were able to match patterns of
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radiologically measured bone remodeling stimuli. Simplifications of muscle-loading FE
models through reducing simulated muscles have been shown to overestimate bone
resorption stimuli (Bitsakos et al., 2005). Furthermore, exclusions of certain important
muscles without considering the effects of femur alignment and fixation were shown to
cause imbalanced bending moment in the femur thereby resulting in higher femoral
deflection and principal strains as compared with the complex muscle-loading FE models
(Duda et al., 1998; Kersh et al., 2018; Speirs et al., 2007; Taylor et al., 1996). In contrast,
the results of our study showed that a comprehensive optimization approach considering
both the alignment and the loading of the femur could generate simplified mechanical
testing configurations that accurately matched the SED profile of the femur in complex
muscle-loading FE models. Due to a lack of in vivo data, the model predicted muscle
loading, femoral deflection, and femoral principal strains have yet to be directly validated
for any study of this type. Through the current study, we hope to establish the basis for a
combined modeling and testing platform to better investigate critical factors that may
influence femoral strains. Such information will help us and other investigators to design
implementable methods for the eventual in vivo validation of the model predicted
strain/SED.

Limitations in the modeling of muscle forces should be considered. Similar to the
common approach reported in the literature, each muscle force was modeled as an evenly
distributed surface load following a single vector. Since full muscle geometries were not
represented, physiological muscle insertions and intrinsic force distribution within muscle

fibers were not considered. Given the demonstrated impact of muscle forces on femoral
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deflection and principal strains (Duda et al., 1998; Kersh et al., 2018; Lerch et al., 2012;
Speirs et al., 2007; Taylor et al., 1996), as well as the impact on bone remodeling stimuli
in the vicinity of muscle insertions (Bitsakos et al., 2005), future FE modeling of realistic
3D muscle geometries and active muscle contractions may better represent the
physiological effect of muscle forces. FE modeling of 3D muscle may affect the
optimization results of the simplified-loading configurations as described in this study,
however, may also provide more insight into the fidelity of both the ADL- and the
simplified-loading models. Several other limitations should be considered regarding the
scope of our study and the methods used. The optimization utilized the femoral SED profile
as the reference during the development of axial compression and combined axial
compression and torsion tests. The optimized simplified-loading models all achieved less
than #5% mean percentage errors in the SED profile, but mean percentage errors in
principal strains were found to be close to #15%. Though the simplified-loading models
predicted similar fatigue regions as compared with the ADL-loading models, future studies
should consider principal strains as well in the optimization objective function to
simultaneously achieve a closer fit for the principal strains. The bone-stem interface was
modeled as fully bonded to simulate a well-fixed cementless THA stem. Future studies will

investigate the impact of contact definitions on femoral strains.

2.5 CONCLUSION

This study successfully developed specimen-specific and ADL-specific axial

compression and combined axial compression and torsion loading configurations that are
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capable of simulating physiological bone remodeling stimuli and evaluating risks of bone
fatigue in three THA-implanted femurs. The physiological-loading-based simplified tests
can be readily implemented in vitro to provide a pre-clinical platform for future evaluations

of implant/fixation devices for the hip and the femur.
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CHAPTER THREE. SIMPLIFIED MECHANICAL TESTS CAN
SIMULATE PHYSIOLOGICAL MECHANICS OF A FIXATION

CONSTRUCT FOR PERIPROSTHETIC FEMORAL FRACTURES

3.1 INTRODUCTION

Periprosthetic femoral fractures (PFFs) are severe complications after a total hip
arthroplasty (THA), and the third most frequent reason for revision surgeries (accounting
for approximately 6% of revision cases after a THA) (Lindahl et al., 2006; Marsland and
Mears, 2012). The Vancouver type B PFF is a fracture of the femoral shaft around the
implanted THA stem or just below the tip of the stem, and accounts for over 70% of all
PFF cases (Corten et al., 2009; Lever et al., 2010; Lindahl et al., 2007). When the THA
stem is stable (classified as the type B1 fracture), the fracture is typically treated surgically
using a laterally-implanted plate-screw construct (Corten et al., 2009; Duncan and Haddad,
2014). Although the fracture fixation constructs have been proven to promote the healing
of primary type Bl PFFs, clinically reported fracture of the plate has raised concerns
(Boesmueller et al., 2015; Giovanni et al., 2020a; Min et al., 2020; Randelli et al., 2018).

Plate fractures have been reported to occur both before and after the complete healing
of the primary PFF (Boesmueller et al., 2015; Giovanni et al., 2020a; Min et al., 2020;

Randelli et al., 2018). The reasons for plate fracture are multifactorial, including patient
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demographics (Boesmueller et al., 2015; Giovanni et al., 2020a; Randelli et al., 2018), the
injury state of the primary PFF (Boesmueller et al., 2015; Giovanni et al., 2020a; Randelli
et al., 2018), and perhaps most importantly, the in vivo biomechanics of the construct
(Giovanni et al., 2020a). Clinical incidences of plate fracture have demonstrated that the
PFF fixation construct does experience failure-level loads in vivo (Boesmueller et al., 2015;
Giovanni et al., 2020a; Min et al., 2020). To evaluate the risks of plate fracture, the ASTM
standard test for metallic bone plates is a plate-only 4-point-bend test that is typically used
to evaluate the stiffness and the fatigue life of a plate under a concentrated bending moment
(ASTM International, 2008; Lenz et al., 2016b, 2016a; Lever et al., 2010). Other
experimental and finite element (FE) studies have utilized simplified loads of compression
(Lenz et al., 2016b, 2016a; Lever et al., 2010; Moazen et al., 2014, 2013), bending (Choi
et al., 2010) and torsion (Choi et al., 2010; Lenz et al., 2016a; Lever et al., 2010) to test
THA and plate-implanted cadaveric and synthetic femurs, while the initial stability of
fracture fixation, the stiffness of the bone-implant system and the stresses/strains in the
plate have been typically measured. Given the flexibility and the efficiency of FE analyses,
models have been increasingly used not only for the evaluation of PFF fixation (Moazen
et al., 2014, 2013, 2011; Wang et al., 2019) but also for the development of new implant
device for PFF fixation (Dhason et al., 2020). However, due to the lack of direct
measurement of the physiological conditions in the plate, a consensus is lacking on what
testing procedures may best reproduce the in vivo plate mechanics (Moazen et al., 2011,

Wang et al., 2019).
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Though it is difficult to assess the in vivo performance of a PFF fixation construct
directly, FE models applying joint contact force and muscle forces may provide an
alternative for the estimation of the physiological plate mechanics. Coupled
musculoskeletal and FE models have shown fidelity in predicting bone strains and bone
remodeling stimuli in intact and THA-implanted femurs as compared with in vivo
measurements (Chenetal., 2021; Dudacetal., 1998; Speirs et al., 2007a; Taylor et al., 1996).
Through simulating the peak hip contact force and forces of major muscles during gait,
femur FE models were successfully utilized to compare different fixation strategies for
non-prosthetic related femoral fractures (without an existing THA or other implants) in
various regions, including the cervicotrochanteric, the diaphysis and the supracondylar
regions (Chantarapanich et al., 2016; Jitprapaikulsarn et al., 2021). However, information
on plate mechanics after the PFF fixation remains lacking, especially after the healing of a
Vancouver type B1 PFF.

Aiming to further the understanding of plate mechanics, this study utilized coupled
musculoskeletal and FE models to simulate hip contact force and muscle forces from three
common ADLs in FE models of THA and plate-implanted femurs with an existing or a
healed PFF. The simulated plate mechanics provided a basis for the development of
appropriate simplified mechanical tests that can mimic the stress state and load transfer in

the plate in both PFF and healed models.
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3.2 MATERIALS AND METHODS

This study firstly developed FE models of implanted femurs either with a simulated
Vancouver type B1 PFF or a completely healed PFF (sections 3.2.1 to 3.2.2). Peak hip
contact force and corresponding femoral muscle forces from three common ADLSs (gait,
stair-descent, and sit-to-stand) were applied to the PFF and the healed models. Based on
these ADL simulations, FE models of appropriate simplified mechanical tests were
identified or developed to best match the plate mechanics in femur models with a simulated

PFF or a healed PFF (sections 3.2.3 to 3.2.5).

3.2.1 FE MODELS TO EVALUATE PLATE STRESSES DURING ADLS

FE models of implanted femurs with both THA and PFF fixation plates were developed
from three cadaveric femurs (the same specimens as in Chapter Two: all right limbs, all
males, 69.7 +7.4 years old, 173.6 +1.2 centimeters, 71.1 +£13.5 kilograms). Each cadaveric
femur was CT scanned (0.6-mm slice thickness, 0.5-mm pixel size, SIEMENS, Munich,
Germany) with a density phantom (QCT Pro, Mindways Software, Inc., Austin, TX, USA)
and was physically implanted with a commercially available cementless THA femoral
component (SUMMIT®, DePuy, Warsaw, IN, USA) and a PFF fixation plate-screw
construct (Locking Compression Plate System, LCP®, DePuy Synthes, West Chester, PA,
USA) by an experienced orthopedic surgeon. The fixation plate spanned from the proximal
diaphysis to the lateral condyle of each cadaveric femur. The proximal portion of the plate
was overlapping with the implanted THA stem, while the distal portion of the plate was

bent and contoured to the shape of the lateral condyle of each femur (Fig. 3.1A).
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Fig. 3.1. An overview of the healed and the PFF models of a THA and plate implanted
cadaveric femur. (A) THA and plate implanted femur FE models (simulated a healed PFF)
were developed from CT scans of cadaveric specimens. Peak hip contact forces and muscle
forces of three ADLs were applied to the implanted femur as distributed loads over
elliptical muscle insertions. The denotation of ‘nan’ meant the specific muscle force was
not used in a certain ADL due to the low magnitude (less than 5% body weight). (B) The
elastic-plastic model of stainless steel. (C) A transverse PFF was simulated in the

implanted femur model. The simulated PFF was bridged by two 5.0 mm bicortical screws.
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The plate was fixed to the femur using seven 5.0 mm locking screws (Fig. 3.1A). The
in situ positions of the THA stem and plate were determined by digitizing surfaces of the
femur, the THA component and the plate as point clouds using a 3D motion capture system
(Optotrak Certus, Northern Digital, Waterloo, Canada). Using CT-reconstructed femur
geometries and methods described in Chapter Two, FE models of THA and plate-implanted
femurs were developed in Abaqus 2018 (Dassault Systénes, Vé&izy-Villacoublay, France)
and replicated the in situ positions of the implants in physical specimens (Chen et al., 2021).

Briefly, 10-noded tetrahedral elements were used for modeling of the femur, the THA
component, the plate and the screws, with mean edge lengths of 2 mm, 2 mm, 1 mm, and
0.5 mm, respectively. A refined edge length of 0.5 mm was used to mesh the local interface
between bone and screws. Mean edge lengths were determined from a previous mesh
convergence study that showed further decreases in edge length did not result in greater
than 5% changes in plate stresses. The mean number of elements of the THA and plate-
implanted FE models across three specimens was 842767 +29273. The THA and plate-
implanted FE model simulated a healed VVancouver type B1 PFF that was reduced to the
anatomical alignment in the cadaveric femur.

Bone was modeled as heterogeneous linear elastic materials the same as in Chapter Two
with Young’s moduli interpolated from CT Hounsfield units using a CT density phantom
and established relationships (Eg. 1-4) (Morgan et al., 2003; Schileo et al., 2008). The
cobalt-chrome THA stem and femoral head was modeled as linear elastic with a Young’s
modulus of 210 GPa and a Poisson’s ratio of 0.29 (Chen et al., 2021). The stainless steel

PFF fixation plate and screws were modeled as elastic-plastic with a Young’s modulus of
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149 GPa, Poisson’s ratio of 0.29, and a yield stress of 869 MPa (Fig. 3.1B) (ASTM F138-
13a, 2013). The interface between bone and the cementless THA stem was modeled as
fully bonded to represent a well-fixed stem as in a Vancouver type B1 PFF (Avval et al.,
2016; Chen et al., 2021; Ebrahimi et al., 2012). In addition, the same THA and plate
implanted cadaveric femurs were physically loaded with a compressive force of 1200 N in
a previous testing study, while no relative motion was observed between the femur and the
stem. This axial compression testing setup was developed and described in detail in
Chapter Two. The fully bonded configuration appropriately represented the lack of
displacement at the bone-stem interface. Since locking screws were used in the physical
specimens, interfaces between the plate and screws and the bone and screws were modeled
as fully bonded (Avval et al., 2016; Ebrahimi et al., 2012; Moazen et al., 2014, 2013).

Bone Mineral Density (g/cm3) = —0.02184 + 0.8242 * Hounsfield Unit Eq.1

Ash Density (g/cm3) = 0.8772 * Bone Mineral Density + 0.07895 Eq.2
Apparent Density (g/cm®) = Ash Density / 0.6 Eq.3
Young's modulus (MPa) = 6850 * Apparent Density4° Eq.4

To assess plate stresses under ADL-loading after the healing of a primary Vancouver
type B1 PFF, peak hip contact force and femoral muscle forces during gait (taken at the
point of contralateral toe-off, approximately 25% of the stance phase), stair descent and
sit-to-stand were calculated using a coupled musculoskeletal and FE model and applied to
the THA and plate implanted femur FE models (Fig. 3.1A) (Chen et al., 2021; Myers et al.,

2018). As described in detail in Chapter Two, muscle forces were modeled as distributed
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loads and applied over designated elliptical insertion areas that were defined for each
muscle centered at its insertion point in the initial musculoskeletal model (Fig. 3.1A) (Chen
etal., 2021).

In addition to simulating ADL loads in healed PFF models, ADL loads were applied to
femur models with a simulated VVancouver type B1 PFF. In each femur model, a transverse
fracture was created 15 mm below the tip of the implanted femoral stem with a 10 mm gap
(Fig. 3.1C). The fracture gap simulated a clinically unstable and/or non-union Vancouver
type B1 PFF, which has shown higher rates of refracture and/or hardware failure after the
initial fixation (Choi et al., 2010; Leonidou et al., 2015; Moazen et al., 2014, 2013). The
simulated fracture was located between two implanted 5.0 mm bicortical screws in each
physical specimen so that the fixation plate was able to bridge the simulated fracture (Fig.
3.1C). Contact between the plate and the bone, and between bone segments were modeled
as frictional with a friction coefficient of 0.3 (Moazen et al., 2013). Peak hip contact force
and corresponding muscle forces in three ADLs were applied to the fractured femur models

using the same method as in the healed models.

3.2.2 EVALUATION OF PLATE MECHANICS IN PFF AND HEALED FEMUR FE
MODELS UNDER PEAK ADL LOADS

In reference to the clinically-observed fracture failure of the plate, maximum principal
stress in the plate was chosen as the primary stress variable to be evaluated (Fig. 3.2)
(Moazen et al., 2016; Takahashi et al., 2021). The plate was divided into 16 segments using

evenly spaced 15 cross-sections (perpendicular to the Y-axis of the plate coordinate system)
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based on the locations of screw holes (Fig. 3.2). Segments showing high stress
concentration were identified as critical segments which may be at higher risk of plate
fracture (Fig. 3.2).

In healed models, critical elements in the plate were identified as those showing
maximum principal stress above the 95-percentile stress level across all plate elements
under each ADL-loading (only 5% plate elements showed higher stress than the threshold,
the 95-percentile stress level was calculated using elemental volume weighted values of
maximum principal stress). Critical segments in the plate were identified as those that had
more than 10% of volume of critical elements in the segment (Fig. 3.2). Our preliminary
analysis showed that using the 95-percentile stress and the 10% volume as thresholds not
only provided appropriate quantitative basis for the characterization of critical segments,
but also better facilitated the further development of simplified mechanical tests aimed at
best matching the stress state in the plate under ADL-loading (described in detail in section
3.2.4). Elemental volume weighted mean maximum principal stress and mean von Mises

stress in critical elements were then calculated for the critical segments identified.
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Fig. 3.2. An example of simulated plate stress and the load transfer in the plate in a gait-
loading healed model. The plate was divided into 16 segments using 15 cross-sections.
Plate segments with concentrated high maximum principal stress were identified as critical
segments (segments 3 through 5 in the gait-loading healed model). Resultant moment and
force in cross-sections (e.g. cross-section 4) were evaluated with focuses on those inside

critical segments.

In addition to analyzing the stress state in the plate, load transfer through the plate was
evaluated by calculating resultant force and moment that were transferred through each
cross-section of the plate (Fig. 3.2). The resultant force and moment through each cross-
section were transformed into the plate coordinate system and were analyzed in bending
and axial directions (Fig. 3.2). Bending moment and force were the summation of the X
and Z components of moment and force, respectively (parallel to the cross-section plane,

Fig. 3.2). The axial moment and force were the moment and force in the Y direction.
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In PFF models, due to the considerably higher magnitude of maximum principal stress
as compared with the healed models, critical elements in the plate were identified using the
yield stress (869 MPa) of stainless steel as the threshold. The percentage volume of critical
elements was calculated in each plate segment. The plate segments that showed
concentrated critical elements were identified as critical segments. Elemental volume
weighted mean maximum principal stress and mean von Mises stress in critical elements
were calculated in critical segments. Resultant force and moment in bending and axial

directions were evaluated through plate cross-sections.

3.2.3 EVALUATION OF THE STANDARD 4-POINT-BEND TEST IN MATCHING
PLATE MECHANICS IN ADL-LOADING PFF MODELS

To match the stress state in the plate in PFF models under ADL loads, a standard plate-
only 4-point-bend test was modeled (Fig. 3.3A) (ASTM International, 2008). Through
evaluating plate stresses in the ADL-loading PFF models, locations of loading and support
pins were chosen to best represent the stress state in the plate (Fig. 3.3A). The loading and
support pins were modeled as rigid bodies, while the plate was modeled as elastic-plastic
as described previously. Two vertical bending forces (the same magnitude, in the Z
direction of plate coordinate system) were applied through the center of loading pins as
body forces (Fig. 3.3A). The support pins were fixed in all degrees of freedom, while the
loading pins could translate only in the Z direction (Fig. 3.3A). To simulate an idealized 4-

point-bend test, frictionless contact was modeled between the surfaces of pins and the plate.
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Fig. 3.3. The development of simplified mechanical tests based on healed and PFF models.
(A) The standard 4-point-bend test was modeled to reproduce the stress state in the plate
as in ADL-loading PFF models. (B) Three types of constrained 3-point-bend tests were

developed to reproduce the stress state in the plate in healed models under ADL loads.

Using the yield stress of stainless steel (869 MPa) as the threshold, critical elements in
the plate were identified (Fig. 3.3A). Percentage volume of critical elements in each plate
segment, as well as elemental volume weighted mean maximum principal stress and mean
von Mises stress in critical elements were calculated and compared with corresponding
ADL-loading PFF models. Resultant moment and force in plate cross-sections were
compared with ADL-loading PFF models.
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3.2.4 DEVELOPING FE MODELS OF SIMPLIFIED MECHANICAL TESTS TO
MATCH PLATE MECHANICS IN ADL-LOADING MODELS WITH A HEALED PFF

Based on our preliminary analyses, a constrained 3-point-bend test was found to match
the healed model-predicted stress state in critical segments of the plate under ADL loads.
For different testing purposes, three types of constrained 3-point-bend test were developed:
1) a plate-only test, 2) a sawbone test using a cylindrical sawbone, and 3) a cadaveric test
that used the same femur model as each ADL-loading model (Fig. 3.3B). In the plate-only
test, the plate was modeled to be potted at both ends in two cement blocks, while interfaces
between the plate and the cement were modeled as fully bonded (Fig. 3.3B). The cement
blocks were fixed in all degrees of freedom (Fig. 3.3B). In the sawbone and cadaveric tests,
the plate was fixed to the cylindrical sawbone and the femur using the same configuration
of 5.0 mm locking screws as those used in each ADL-loading model (Fig. 3.3B). Interfaces
between the bone/sawbone and screws, and between the plate and screws were modeled as
fully bonded. Surfaces of the proximal and distal aspects of the cylindrical sawbone were
fixed in all degrees of freedom (Fig. 3.3B). In the cadaveric test, a flat cut was made just
above the femoral condyles to simulate a surface for potting (Fig. 3.3B). Nodes on the
potting surface, as well as the center of the femoral head were fixed in all degrees of
freedom (Fig. 3.3B).

To best match the stress state in critical segments in the plate, a FE-integrated iterative
optimization approach was developed to adjust the location and the magnitude of the
bending force and the rotation of the specimen in constrained 3-point-bend tests (Fig. 3.3B).

The optimization approach applied similar algorithm as the method used in Chapter Two.
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The bending force was applied on the surface of either the plate or the specimen (the
sawbone or the cadaveric bone) over a few nodes to avoid stress concentration (at the
location of the arrows in Fig. 3.3B). After trials of different optimization objectives
(including the mean maximum principal stress, mean von Mises stress and the percentage
volume of critical elements), the percentage volume of critical elements in critical segments
was chosen as the primary optimization objective, which was shown to best match the
distribution of critical elements and magnitudes of mean maximum principal stress and
mean von Mises stress in critical elements. The optimization was considered converged
once the mean percentage error in the optimization objective reached less than 5% as
compared with the corresponding healed ADL-loading model. In addition to the stress state,
load transfer through cross-sections were calculated in the optimized models of three

constrained 3-point-bend tests and compared with ADL-loading healed models.

3.2.5 DEVELOPMENT OF A BIAXIAL CADAVERIC TEST TO MATCH BOTH
PLATE MECHANICS AND BONE STRAINS IN ADL-LOADING MODELS WITH A
HEALED PFF

The optimized cadaveric 3-point-bend test could not match the complex pattern of axial
force transfer as compared with ADL-loading healed models (described in detail in the
result section), and hence an axial compressive force was added to the cadaveric test.
Together with the bending force, applied forces in this biaxial loading configuration were
optimized again with the same objective of matching the percentage volume of critical

elements in critical segments as described previously. Similarly, the optimization was
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considered converged once the percentage difference in the objective reached less than
45%. In addition to analyzing the stress state and load transfer in the plate, bone strains
around fixation screws were calculated in the newly optimized biaxial-loading cadaveric
test and compared with the corresponding ADL-loading models. Mean absolute maximum
principal strain was calculated in bone elements that were within a 10-mm-diameter

cylindrical region of interest (ROI) that was center at the axis of each fixation screw.

3.3 RESULTS

3.3.1 PLATE MECHANICS UNDER ADL LOADS

In ADL-loading models with a simulated PFF, almost all critical elements (plate
elements that experienced maximum principal stress higher than the yield stress of 869
MPa) were found in segments four through eight across three ADLs (Fig. 3.4A and B).
Those were the segments between the two bicortical screws that bridged the simulated
transverse fracture. The stair-descent load resulted in the highest percentage volume of
critical elements (Fig. 3.4B), as well as the highest mean maximum principal stress and

mean von Mises stress in critical elements (Fig. 3.4C).
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Fig. 3.4. Simulated stress state of plate in ADL-loading healed and PFF models. (A)
Maximum principal stress in the plate (specimen 1) in ADL-loading PFF models. (B)
Critical segments (segments 4 through 8) in ADL-loading PFF models. (C) Mean
maximum principal stress and mean von Mises stress in critical elements were calculated
in critical segments of PFF models. (D) Maximum principal stress in the plate in ADL-
loading healed models. (E) Critical segments (segments 3 through 5) in ADL-loading
healed models. (F) Mean maximum principal stress and mean von Mises stress in critical

elements were calculated in critical segments of healed models.

Compared with PFF models, healed models showed significantly lower magnitude of
maximum principal stress under peak loads of three ADLs (Fig. 3.4D). Across three ADLs,

segments 3, 4 and 5 consistently showed higher than 10% volume of critical elements, and
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therefore were identified as critical segments (Fig. 3.4E). Similar to PFF models, the stair-
descent load showed the highest percentage volume of critical elements (Fig. 3.4E), mean
maximum principal stress and mean von Mises stress in critical segments (Fig. 3.4F).

In both PFF and healed models, the bending moment and axial force were found to be
the dominant component of load transfer in moment and force, respectively (Fig. 3.5A and
B). In PFF models across three ADLs, bending moment and compressive axial force both
plateaued in cross-sections 4 through 7 (inside the critical segments that bridged the
simulated Vancouver type B1 PFF), with the stair-descent loading showing the highest
bending moment (Fig. 3.5A). As expected, the magnitude of moment and force were
considerably lower in the healed models as compared with the PFF models (Fig. 3.5B).
Nonetheless, peak bending moments in all three ADLs were found inside critical segments
at cross-section 4 (Fig. 3.5B). In contrast to PFF models, the sit-to-stand load resulted in
the highest peak bending moment in healed models (4.2 0.7 Nm in sit-to-stand compared

with 4.0 0.8 Nm in stair-descent and 3.2 0.5 Nm in gait, Fig. 3.5B).
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Fig. 3.5. Load transfer (mean =standard deviation across three specimens) through all
cross-sections in the plate was shown for ADL-loading PFF models (A) and ADL-loading

healed models (B).
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Fig. 3.6. Comparisons of load transfer in the bone, in the plate and in the bone-implant
system. Using the gait-loading healed model of one specimen as an example, transfer of
the axial force was shown separately for the plate, the entire system (including all implants
and bone), and the bone. Resultant axial forces through cross-section 4 were shown in
detail: the axial force in the plate was in the opposite direction as compared with the system

and the bone.

Healed models showed a much more complex pattern of axial force transfer under ADL-
loading (Fig. 3.5B). Tensile axial forces (in positive Y-direction of the plate coordinate
system) were observed through the proximal cross-sections of the plate, whereas
compressive axial forces (in negative Y-direction) were observed through distal cross-
sections of the plate (Fig. 3.5B). When tensile axial force was observed at a plate cross-
section (for example in cross-section 4 shown in Fig. 3.6), higher compressive axial forces

were transferred through the bone as compared with the magnitude of compressive force
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in the system at the same cross-section (Fig. 3.6). Under ADL loads, the proximal segments
of the plate provided more compression to the bone through stiffening the entire system
(more noticeable in gait and stair-descent), whereas the distal portion of the plate
functioned to share the compressive force that was transferred through the system (Fig.

3.5B and Fig. 3.6).

3.3.2 SIMPLIFIED TESTS MATCHED PLATE STRESSES IN ADL-LOADING
MODELS

Since the same critical segments were predicted in PFF models under loads of three
different ADLs, positions of loading and support pins were the same (Fig. 3.7A), while the
required vertical bending forces were determined to best match the plate mechanics for
each ADL (Table 3.1). FE models of the standard 4-point-bend test estimated similar
volumes of critical elements and similar magnitudes of stresses in the same critical
segments as in ADL-loading PFF models (achieved less than 5% differences across three
ADLs and three specimens, Table 3.2). The 4-point-bend tests were able to simulate the
same plateaued pattern of resultant bending moment in cross-sections 4 through 7 (cross-
sections within critical segments), however, the mean bending moment was slightly lower
as compared with the ADL-loading PFF models (Fig. 3.7B and Table 3.2). In models of
gait and stair-descent, high compressive axial forces were observed at cross-sections 3 and
8 located at the proximal and the distal ends of critical segments (Fig. 3.7B). However, 4-
point-bend tests could not reproduce the plateaued axial compression through cross-

sections 4 through 7 as observed under ADL loads (Fig. 3.7B).
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Magnitude of Bending Force (N) Rotation Alignment (°)

Standard 4-point-bend Test Constrained 3-point-bend Test Constrained 3-point-bend Test

(Vertical Bending Force)

Plate-only Sawhone Cadaveric | Plate-only Sawbone Cadaveric

Gait 3460+ 860 605+78 827+ 106 1548+199 30+5 50+5 50+8
Stair-descent 5268 £957 756+97 1395+179 2288+294 40+8 50+5 50+5
Sit-to-stand 1873+202 14519 38750 48762 10+£5 20%5 10+8

Table 3.1. Loading configurations (mean =standard deviation across three specimens) of
simplified mechanical tests. Magnitudes of vertical bending forces were shown for
standard 4-point-bend tests. Optimized bending force and the rotation alignment of the

specimen were shown for three types of constrained 3-point-bend tests.
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Fig. 3.7. Stress state of the plate and load transfer in optimized 4-point-bend tests. (A)
Standard 4-point-bend tests estimated the same critical segments and the similar levels of
maximum principal stress as compared with the ADL-loading PFF models. Support pins
were positioned at segments 3 and 9, respectively. Loading pins were positioned at
segments 4 and 8, respectively. (B) Comparisons of load transfer between ADL-loading
PFF models and models of 4-point-bend test. Bending moment and axial force were shown,
which were the dominant components in moment and force transfer in ADL-loading PFF

models, respectively.
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To match the stress state in the plate of ADL-loading models with a healed PFF,
configurations of constrained 3-point-bend tests were optimized (Table 3.1). The optimized
3-point-bend tests were able to reproduce similar distributions of critical elements as
compared with the healed models under ADL loads (Fig. 3.8A). All three tests reached less
than #1% mean differences in the percentage volume of critical elements in critical
segments (the primary optimization objective, Table 3.2). The sawbone and cadaveric tests
were able to achieve less than 5% percentage differences in mean maximum principal
stress and mean von Mises stress in critical elements (Table 3.2). The plate-only test did
show higher percentage differences in mean stresses as compared with the sawbone and

cadaveric tests (Table 3.2).

Standard Constrained 3-point-bend Test
Mean % Difference (Across 3 ADLs) _ Biaxial Cadaveric Test
4-point-bend Test N
Plate-only Sawbone Cadaveric
% Volume (Critical Elements)* -3.8£0.3% -0.1+£2.8% 0.6£2.6% -0.5£3.4% 0.5£2.6%
Max. Prin. Stress* -3.4+3.1% 12.4+0.7% 1.1+0.5% 0.8+0.2% 0.7+0.5%
von Mises Stress* -1.8+2.5% 11.5+0.7% 0.2+0.7% -0.5+0.7% 0.6+0.7%
Bending Moment** -10.0£5.0% 20.5£8.5% -20.2+£0.5% -8.3£1.1% 9.4+1.8%

Table 3.2. Percentage differences (mean +standard deviation across three specimens and
three ADL loads) in variables of plate mechanics between ADL-loading models and
models of simplified mechanical tests. Results of standard 4-point-bend tests were
compared with ADL-loading PFF models. Constrained 3-point-bend tests and the biaxial
cadaveric test were compared with ADL-loading healed models. *, volume of critical
elements and plate stresses were calculated from critical elements in critical segments. **,
bending moment was calculated from cross-sections within critical segments; for
constrained 3-point-bend tests and the biaxial cadaveric test, bending moment was

calculated from segments 2 through 5 (Fig. 3.8B and 3.9B).
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Fig. 3.8. Comparisons of plate stress determined critical segments and load transfer in
simplified models derived from a gait-loading healed model. (A) Isolated critical elements
in the plate were shown in a gait-loading healed model and the derived 3-point-bend tests.
(B) Comparisons of load transfer between gait-loading healed models and the optimized
models of 3-point-bend tests, with focuses on cross-sections 2 through 5. Comparisons

were shown for bending moment and axial force.

Percentage differences in mean bending moments were found to be less than #20%
through cross-sections 2 to 5 (the cross-sections that expanded critical segments, Fig. 3.8B
and Table 3.2), with the plate-only test showing a higher mean bending moment (20.5 %
8.5%, Table 3.2), while the sawbone and the cadaveric tests showed lower mean bending
moments as compared with the ADL-loading healed models (Table 3.2). None of the three
3-point-bend tests were able to simulate the complex pattern of load transfer in axial force
as observed in healed models under ADL loads (Fig. 3.8B). For example under gait-loading,
the plate experienced tensile axial force (positive) through proximal cross-sections (1

through 7, Fig. 3.8B), while the axial force converted to compressive (negative) through
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distal cross-sections (8 through 15, Fig. 3.8B). In contrast, the sawbone test and the
cadaveric test showed tensile axial force through all cross-sections of the plate, while the

resultant axial forces in the plate-only test were very low in magnitude (Fig. 3.8B).
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Fig. 3.9. The biaxial cadaveric test. (A) Optimized biaxial cadaveric test for gait-loading
healed models. (B) Comparisons of absolute maximum principal strain in bone ROIs (bone
elements within10-mm-diameter cylindrical regions centered at each screw hole). (C)
Comparisons of load transfer (mean *standard deviation across three specimens) across

gait-loading healed models, biaxial cadaveric models, and 3-point-bend cadaveric models.
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3.3.3 BIAXIAL CADAVERIC TEST MATCHED BOTH PLATE STRESSES AND
BONE STRAINS AROUND FIXATION SCREWS AS IN ADL-LOADING MODELS
An axial force was added to the 3-point-bend cadaveric test, while the loading
configurations of this biaxial cadaveric test was reoptimized (Fig. 3.9A). In addition to
achieving good agreement with corresponding ADL-loading models in plate mechanics
(including stresses and load transfer, especially improved agreement in axial force transfer,
Fig. 3.9C and Table 3.2), the reoptimized biaxial cadaveric test also matched the principal
strain distributions in bone elements around the screw holes (achieved a median percentage
difference of -4.3% in absolute maximum principal strain as compared with the gait-

loading model, Fig. 3.9B).

3.4 DISCUSSION

Through comprehensive analyses of plate mechanics in THA and plate-implanted
femurs, this study developed appropriate simplified mechanical tests that showed fidelity
in reproducing plate mechanics in ADL-loading models either with an existing or a healed
Vancouver type B1 PFF. The standard 4-point-bend test showed fidelity in matching the
stress state and the bending moment in ADL-loading models with a simulated PFF,
however, the newly-developed constrained 3-point-bend tests were shown to best match
the plate stress and bending moment as observed in ADL-loading models with a healed
PFF. Furthermore, an optimized biaxial cadaveric test (constrained 3-point-bend test with
an axial force) matched both the plate mechanics (including a good agreement with the

axial force that the 3-point-bend test could not reproduce) and the bone strains around the
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fixation screws. This study provided purpose-driven testing options that can be readily
implemented in both experimental and computational forms.

Risks of plate fracture have been assessed using FE model-predicted plate stresses.
Concentrated plate elements with higher than yield level maximum principal stress indicate
the formation of cracks and microfractures, which may further progress to fracture of the
plate (Moazen et al., 2014, 2013). With a simulated fracture gap (represented by a non-
union or a delayed-union VVancouver type B1 PFF (Choi et al., 2010; Moazen et al., 2014,
2013; Takahashi et al., 2021), as well as the initial state of the plate fixation), up to 15%
and 30% volume of plate elements in critical segments showed beyond yield level
maximum principal stress under peak loads of gait and stair-descent, respectively. The
indicated risk of plate fracture in critical segments was consistent with the clinically-
reported complication rates in patients with non-union or delayed-union type B1 PFFs
(Giovanni et al., 2020a; Randelli et al., 2018). On the other hand, early postoperative
mobilization and weight bearing as tolerated have shown promise in reducing
complications in patients after surgery for hip fractures (Ottesen et al., 2018; Warren et al.,
2019). Though results were not shown, the ADL-loading PFF models showed that peak
maximum principal stresses in the plate stayed below the yield threshold when partial
forces were applied in three ADLs (up to 50% of hip contact force and muscle forces in
gait, 30% forces in stair-descent and 90% forces in sit-to-stand, respectively). Though the
in vivo muscle loading in PFF patients requires further investigation, the results of the
current study suggested that the plate was able to withstand partial ADL-loading without

plastic deformation. In contrast, plate stresses were drastically reduced after the complete
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healing of a primary Vancouver type B1 PFF. However, peak loads of three different ADLs
estimated the same critical segments in the plate that showed concentrated high maximum
principal stress (above the 95-percentile stress level in each model) in healed models. The
risks of acute plate fracture may be low, however, risks of plate fatigue under repetitive
loading remain to be further investigated.

The standard 4-point-bend test was demonstrated to be an appropriate test for the
evaluation of plate stresses before the healing of a PFF, especially for a non-union and/or
unstable type B1 PFF. The standard 4-point-bend test reproduced both the concentrated
stress and the plateaued bending moment in the same critical segments as observed in ADL-
loading models. In contrast, the newly developed constrained 3-point-bend tests were
shown to best match plate stresses and the resultant bending moment in the healed models.
Considering realistic testing environment and purposes, the development of constrained 3-
point-bend tests explored different testing setups including a plate-only test (as in the
ASTM standard 4-point-bend test), a sawbone test, and a cadaveric test. Due to the
simplicity of the test setup, the plate-only test and the sawbone test could be adopted in
cyclic testing of the fatigue performance of the plate, which could provide critical
information on the risks of plate failure once patients resume ADLs after the healing of
PFF.

Simplified tests successfully reproduced the stress state in critical segments of the plate
in ADL-loading models once the resultant bending moment in critical segments was
matched. Though lack of agreement in resultant axial force did not affect the good

agreement in the stress state in critical segments, the 3-point-bend cadaveric test could not
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match the bone strains around the screws as compared with the ADL-loading healed
models. However, with an additional axial force, the reoptimized biaxial cadaveric test
successfully improved the agreement in axial force transfer as compared with ADL-loading
models, while also showing good agreement in bone strains around the screws. The biaxial
cadaveric test could serve as a more appropriate option for the evaluation of screw
loosening upon loading.

A variety of experimental and computational studies have applied different simplified
loading conditions to evaluate the mechanics and the performance of PFF fixation plates
(Choi et al., 2010; Lenz et al., 2016b, 2016a; Lever et al., 2010; Moazen et al., 2014, 2013,
2011; Pletkaetal., 2011; Wang et al., 2019). Besides the standard 4-point-bend test (ASTM
International, 2008; Lenz et al., 2016a; Lever et al., 2010), previous studies have evaluated
plate stiffness and fixation under simple compression (Lenz et al., 2016b, 2016a; Lever et
al., 2010; Moazen et al., 2014, 2013; Pletka et al., 2011), torsion (Choi et al., 2010; Lenz
et al., 2016a; Lever et al., 2010; Pletka et al., 2011), and 3-point-bend tests (Choi et al.,
2010). However, the lack of standard testing methodology and outcome measures has made
it difficult to directly compare results from different studies. The lack of standard testing
methodology is partially the result of limited knowledge of the in vivo plate mechanics and
performance. In previous studies, coupled musculoskeletal and FE models have shown
promise in simulating biomechanics of bone and bone-implant systems under physiological
loads (Chantarapanich et al., 2016; Chen et al., 2021; Duda et al., 1998; Jitprapaikulsarn et
al., 2021; Speirs et al., 2007a; Taylor et al., 1996). Coupled musculoskeletal and FE models

were shown to accurately estimate the bone remodeling stimuli in THA-implanted femur
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(Chenetal., 2021; Duda et al., 1998; Speirs et al., 2007a; Taylor et al., 1996). Additionally,
muscle-loading FE models have been used to evaluate the initial stability of fracture
fixation in the native femur (without THA or other implants) (Chantarapanich et al., 2016;
Jitprapaikulsarn et al., 2021). Utilizing ADL-loaded cadaveric femur models, this study
simulated the in vivo state of plate mechanics, which provided a basis for the subsequent
evaluation and development of simplified mechanical tests to assess risks of plate fatigue
and fracture.

Limitations regarding the scope of this study should be considered. Aimed at evaluating
and developing simplified mechanical tests to evaluate the risks of plate fracture, this study
focused on the analyses of plate mechanics, including plate stresses and load transfer.
However, the successful development of combined compression and bending cadaveric
test showed that simplified tests may concurrently match plate mechanics and bone strains
around the fixation screws as in ADL-loading models. Future studies may apply a similar
FE-integrated optimization approach to evaluate in detail how simplified loading
configurations may affect bone strains, and therefore provide more information on the risks
of screw loosening. Through developing specimen-specific coupled musculoskeletal and
FE models for three cadaveric femurs, the current study successfully simulated the in vivo
state of stresses and load transfer in the plate after PFF fixation. Future studies may apply
a similar methodology to develop models for femurs from a larger population, thereby
enabling the simulation of the biomechanics of the bone-implant system for specimens with

different demographic characteristics.
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Several other limitations regarding the method used in this study should be considered.
The bone-stem interface and the bone-screw interface were both modeled as fully bonded.
The bonded bone-stem interface simulated a well-fixed cementless THA stem, therefore
this study only simulated a VVancouver type B1 PFF. Future studies will model a sliding
interface between the femur and the stem to simulate a Vancouver B2 or B3 PFF, which
can provide additional information on the plate mechanics with a loosened stem. Similarly,
future studies will investigate the impact of the bone-screw interface contact definition on

bone strains around fixation screws.

3.5 CONCLUSION

Appropriate simplified mechanics tests were successfully identified for the assessment
of the risk of plate fracture both before and after the healing of a Vancouver type B1 PFF.
Compared with the complex loading configuration in the ADL-loading femur model, the
optimized simplified tests can be readily implemented in both experimental and
computational forms. This study provides a basis for the development of a complementary
experimental/computational framework that can serve as an advanced pre-clinical platform

for minimizing the risk of construct failure for the fixation of PFF.
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CHAPTER FOUR. IMPACT OF PERIPROSTHETIC FEMORAL
FRACTURE FIXATION PLATING CONTRUTS ON LOCAL

STIFFNESS, LOAD TRANSFER AND BONE STRAINS

4.1 INTRODUCTION

Secondary failures after successful plate-screw fixation and healing of a primary
Vancouver type B1 periprosthetic femoral fracture (PFF) have remained a clinical concern
(Abdel et al., 2016; Giovanni et al., 2020a; Lindahl et al., 2006; Moloney et al., 2014;
Randelli et al., 2018; Raschke and Schliemann, 2020). With the complete healing of a
primary Bl PFF, the most prevalent failures of fixation include the secondary femoral
fracture at a new location, and the loosening and/or the breakage of the plate-screw
construct (Giovanni et al., 2020a; Lindahl et al., 2006; Randelli et al., 2018; Raschke and
Schliemann, 2020). Those complications require a complex reoperation to fix, which is not
only difficult but have also been reported to significantly worsen the prognosis (Giovanni
et al., 2020a; Randelli et al., 2018).

In addition to patient demographics, the biomechanics of plate-screw fixation for the
primary Vancouver type B1 PFF have been hypothesized to play a key role in the
pathogenesis of failures of fixation (Bryant et al., 2009; Giovanni et al., 2020a; Moloney

etal., 2014; Randelli et al., 2018). Secondary femoral fractures have been reported to occur
61



often at a location more distal to the healed primary PFF, which has been associated with
elevated local strains/stresses in bone caused by the implantation of the plate-screw
construct (Giovanni et al., 2020a; Moloney et al., 2014; Randelli et al., 2018). Elevated
bone strains/stresses may also cause localized bone damage, which has been associated
with the loosening of screws (Feng et al., 2019; Panagiotopoulos et al., 1994; Sugiura et
al., 2000).

Extending the length of the plate to the lateral condyle of the femur has been proposed
clinically to reduce the risks of secondary failures of fixation by distributing the
physiological femoral load along the entire length of the femur (Bryant et al., 2009;
Moloney et al., 2014). However, supporting evidence is lacking due to the difficulties in
direct measurement of in vivo state of strains/stresses in bone. FE models of the bone-plate
system have been utilized to assess the stability and strength of PFF fixation by evaluating
the stiffness of the system (Choi et al., 2010; Lever et al., 2010). Meanwhile, FE models
have been used to evaluate the stress state in different plate-screw constructs to ensure the
plate may not fail upon loading (Moazen et al., 2016, 2014). However, these previous
studies of PFF fixation either lacked corroboration with experimental data or did not
simulate the physiological loads in the femur. Nonetheless, no study has evaluated
mechanisms underlying the secondary failures of fixation after the healing of a primary
Vancouver type B1 PFF.

Hence, the objective of this study was to compare PFF fixation mechanics, including
resulting bone strain, local load transfer, and stiffness for different construct lengths in

different plating systems during simulated gait-loading.
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4.2 MATERIALS AND METHODS

Briefly, CT-reconstructed geometries of three cadaveric femurs (different specimens
from the specimens used in Chapters Two and Three) were used to develop THA and
plating system implanted FE models for two different plating systems (each had a
diaphyseal and a condyle-spanning configuration, five implanted models for each femur).
The modeled THA femoral component and the diaphyseal and condyle-spanning
constructs of one of the two modeled plating systems (described in detail in later sections)
were physically implanted to each cadaveric femur, which were experimentally tested to
validate the corresponding FE models. Through simulating the load in mechanical testing
and the physiological gait-loading, the validated femur FE models were used to evaluate
and compare the mechanics of PFF fixation for two different plating systems with two

construct lengths (the diaphyseal and the condyle-spanning construct).

4.2.1 CADAVERIC SPECIMEN PREPARATION

Three fresh frozen cadaveric femurs (all left femurs; two males, one female; age,
78.547.8; height, 168.947.1 centimeters; weight, 66.7+13.9 kilograms) were CT scanned
with a density phantom (QCT Pro, Mindways Software, Inc., Austin TX, USA) prior to
dissection of all soft tissues. The distal femur was potted into a custom fixture using bone
cement. The lateral condyle of each femur remained exposed after potting to allow
implantation of the fracture fixation plate (Fig. 4.1A). Markers for a digital image
correlation (DIC) system (GOM, Braunschweig, Germany) were glued on the anterolateral

surface of each femur to allow tracking of bone displacement upon loading (Fig. 4.1A).
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Fig. 4.1. Experimental setup and the FE modeling of THA and plate implanted cadaveric
femur model. (A) The 3D-scanned geometry of a cadaveric femur (specimen 2) implanted
with the THA femoral component and the LCP18 construct. (B) The THA and LCP18

implanted FE model of the scanned cadaveric femur.

4.2.2 MECHANICAL TESTING OF THA AND PLATE IMPLANTED FEMURS

For each cadaveric femur, three implanted conditions were mechanically tested: 1)
femur implanted with a THA stem and femoral head (the THA condition); 2) THA femur
implanted with a diaphyseal plate-screw construct, the Synthes 4.5 mm Curved Broad
Locking Compression Plate (LCP, DePuy Synthes, West Chester, PA) without the condylar
screw (denoted as the LCP14 condition); 3) THA femur with a condyle-spanning plate-

screw construct that reached the lateral condyle of the femur (an additional condylar screw
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was implanted to the femur in the LCP14 implanted femur to add fixation through the
lateral condyle, denoted as the LCP18 condition).

Initially, each cadaveric femur was implanted with a commercially-available cementless
femoral stem and a 28-mm-diameter cobalt-chrome femoral head (different from the
component modeled in Chapters Two and Three; Corail®, DePuy Synthes, Warsaw, IN)
by a fellowship trained orthopedic surgeon. A best-fitting stem size was chosen by the
surgeon. Among the three specimens, two were implanted with a collared stems, and one
was implanted with a collarless stem. The THA-implanted femur was rigidly fixed in the
custom fixture in 3<valgus and 3°flexion (Chen et al., 2021). The geometries of the
specimen were scanned within the fixture using a Artec Spider 3D scanner (Artec 3D,
Luxembourg) so that the in situ position of the stem was quantified.

With the fixture, the THA-implanted specimen was placed in a uniaxial Instron test
frame (Instron, Norwood, MA). A custom polyethylene loading socket was rigidly
connected to the load cell of the test frame and was used to load the THA implanted femurs
through the femoral head (Fig. 4.1A). Since the loading socket is fully conforming with the
28-mm-femoral head, the femoral head could only translate axially relative to the loading
frame. The axial rotation of the femoral head was not constrained due to the low friction
between the Cobalt-Chrome femoral head and the polyethylene socket (friction coefficient
less than 0.1 (Chan et al., 2011)).

To eliminate any settling effect between the stem and the bone before testing, each
specimen was conditioned using a compressive load of 600 N for three cycles using a

constant loading and unloading rate of 40 N/s. In each cycle, the peak load of 600 N was
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held for five seconds, then the load was decreased to 10 N and held for another five seconds
before initiating another loading cycle. Marker displacement of all three specimens
stabilized during the conditioning. Three cycles of testing load of 1200 N were then applied
using the same loading and unloading rate of 40 N/s while maintaining the five-second
holding at the peak load and the unloaded stages (Fig. 4.2). The chosen magnitude of testing
load was shown in a previous study to be able to reproduce the strain state of the THA
implanted femur during peak gait-loading (Chen et al., 2021). The displacement of bone
markers was recorded at a data collection rate of two Hz through the duration of three

testing cycles (Fig. 4.2).
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Fig. 4.2. The displacement profile and the loading profile of the mechanical testing. Left,
DIC recorded displacement of 17 bone markers during a test using the 1200 N loading
profile. Note that marker displacement was stable during three loading cycles. Right,
loading profile using a peak load of 1200 N (-1200 £0.3 N across three loading cycles in

the graph).

Following the THA testing, each specimen was implanted with a diaphyseal plate-screw

construct. A 4.5 mm Curved Broad LCP was implanted and fixed to each femur using six
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5.0-mm locking screws, with the most distal diaphyseal screw implanted through the 14th
hole on the plate (the LCP14 construct, Fig. 4.1A). Depending on the position of the
implanted THA stem in each specimen, two or three unicortical screws were implanted
into the proximal femoral diaphysis, while bicortical screws were implanted below the
THA stem. To keep plate positions consistent among specimens, the most distal screw of
the LCP14 construct was implanted approximately 96 mm (%10 mm) above the distal
fixation surface of each femur (Fig. 4.1A). The plate was contoured to the shape of each
femur so that the distal portion of the plate (the portion below the 14th hole and screw) was
not in contact with the femur. This was to ensure the LCP14 condition simulated a short
diaphyseal plate (Fig. 4.1A). DIC markers were placed onto the surface of each plate to
record the displacement of plate during loading. The LCP14 implanted femur was tested
using the same loading protocol of 1200 N, while displacement was recorded using the
DIC system at a rate of two Hz.

Lastly, one additional 5.0-mm locking screw was implanted into the lateral condyle of
each femur through the most distal screw hole (the 18th hole) on the LCP to complete the
condyle-spanning construct (the LCP18 condition). The LCP18 construct was tested using
the same 1200 N loading profile, while the displacement of bone and plate markers was
recorded (Fig. 4.2). Specimens were 3D scanned again with the fixture to determine the
positions of the plate and screws in each femur after testing.

DIC recorded displacement was transformed into the International Society of
Biomechanics recommended femoral coordinate system and compared across different

implanted conditions (Wu et al., 2002). Peak displacement was calculated as the
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differences between the displacement at the peak load (1200 N) and the displacement at
the corresponding unloaded stage (approximately 10 N). The mean and standard deviations
of peak displacement were calculated using data from three cycles of loading during each
test. Using the displacement of the fixture markers, a rigid body compensation was applied

to both the bone and plate markers to reduce the effect of rigid motions of the fixture.

4.2.3 DEVELOPMENT AND VALIDATION OF FINITE ELEMENT MODELS OF
IMPLANTED FEMURS

Using CT scans of the mechanically tested three cadaveric femurs, FE models of THA
and plate implanted femurs were developed for two different plating systems that each had
a diaphyseal configuration and a condyle-spanning configuration (one of the plating system
was the physically implanted LCP system).

Initially, each cadaveric femur was virtually implanted with models of the THA femoral
component and the LCP construct (LCP14 and LCP18) in Abaqus 2018 (Dassault
Systames, V@izy-Villacoublay, France), and accurately replicated the in situ implant
positions in each femur using 3D scans of each specimen as the reference (Fig. 4.1). The
screws were modeled as cylinders with the same diameter (the major pitch diameter) as the
physical screws implanted in the specimens.

The femur, the THA component, the plate and the screw were meshed using 10-noded
tetrahedral elements in Abaqus using mean edge lengths of 2 mm, 2 mm, 1 mm, and 0.5
mm, respectively. The local bony interfaces with screws were also meshed using a 0.5-mm

edge length. The mesh sizes were determined through a preliminary mesh convergence
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study that showed further decreases in edge length did not result in a greater than 5%
changes in displacement and principal strains.

The cobalt-chrome THA stem and head were modeled as linear elastic with a Young’s
modulus of 210 GPa and a Poisson’s ratio of 0.29. The stainless-steel fracture fixation plate
was also modeled as linear elastic with a Young’s modulus of 149 GPa and a Poisson’s
ratio of 0.3 (ASTM F138-13a, 2013). Apparent densities of bony materials were
interpolated from CT Hounsfield units (HUs) using the density phantom (Eg. 1 to 3)
(Schileo et al., 2008). In Bonemat software (Taddei et al., 2007), Young’s moduli of bony
materials were calculated using literature reported density-modulus relationships and
assigned to the FE models in 50 MPa intervals (Eq. 4) (Morgan et al., 2003). The Poisson’s
ratio for all bony materials was set to be 0.3. Since negligible relative displacement was
observed between the THA stem and the femur during the experiment, the interface
between the THA stem and the femur was modeled as fully-bonded. The screws were
modeled as fully bonded to the bone at the interface. As all locking screws were utilized,

interfaces between screws and plate were also modeled as fully bonded.

Bone Mineral Density (g/cm3) = —0.02184 + 0.8242 * HU Eq.1
Ash Density (g/cm3) = 0.8772 * Bone Mineral Density + 0.07895 Eqg. 2
Apparent Density (g/cm3) = Ash Density / 0.6 Eqg. 3
Young's Modulus (MPa) = 6850 = Apparent Density4? Eq. 4

To validate the FE models against experimentally measured displacement, the FE
models simulated the same loading condition as in the mechanical testing. For each DIC

marker (bone or plate markers) in the physical experiment, a closest node was identified in

69



each FE model as the marker node (Fig. 4.1B). FE model calculated nodal displacement of
each marker node was compared to the corresponding experimental marker displacement.

Given the reported variances in the density-modulus relationship for the bone, Young’s
moduli of bone were calculated using three different first coefficients in Eq. 4 to analyze
the influence of property variances on FE predictions (Morgan et al., 2003). The reported
mean coefficient was shown in Eq. 4. Additionally, the reported bounds of the 95%
confidence interval of the first coefficient were used in FE simulations (5440 and 8630,

respectively) (Morgan et al., 2003).

4.2.4 COMPARISONS OF THE BIOMECHANICS BETWEEN TWO PLATING
SYSTEMS

Using the validated femur models, FE models of a new plating system, the VA-LCP
Periprosthetic Proximal Femur System* (DePuy Synthes, West Chester, PA, USA;
PFP+DSAP) were developed to compare with the LCP14 and LCP18 models. Firstly, the
VA-LCP Proximal Femur Plate (PFP) of the new system was implanted to each THA
model and fixed to the femur using six 3.5-mm bicortical locking screws in the proximal
portion of the femur and three 5.0-mm bicortical locking screws (Fig. 4.2A) in the distal
portion. To better compare with the LCP14 models, the PFP models maintained the same
location of the most distal diaphyseal screw as in the LCP14 models (96 =10 mm above
the bottom fixation surface of each femur, Fig. 4.3A). After the virtual implantation of the
PFP, a modular component of the VA-LCP Periprosthetic Proximal Femur System, the

Distal Femur Spanning Attachment Plate (DSAP), was added to each PFP implanted model
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(herein referred to as the DSAP model). The DSAP plate was attached to the underlying
PFP plate using two connecting screws and was fixed to the lateral condyle of each femur
using four 3.5-mm locking screws (Fig. 4.3A). According to the recommendation in the
surgical technique guide for the novel system, the connecting screws had a minimum of
one-hole spacing between the screws. The screws of PFP and DSAP constructs were also
modeled as cylinders. Interfaces between screws and the bone, and between screws and the
plate were modeled as fully bonded. The implanted plate and screws were modeled with a
Young’s modulus of 149 GPa and a Poisson’s ratio of 0.3 (ASTM F138-13a, 2013).

In LCP14 and LCP18 implanted models, bone elements around the three distal
diaphyseal screws and the condylar screw were isolated as regions of interest (ROIs of
DSC1, DSC2, DSC3 and CSC, 10 mm diameter cylindrical volume centered at the axis of
each screw, Fig. 4.3A). An additional ROI of the distal femoral metaphyseal shaft was
identified between the most distal diaphyseal screw and the condylar screw (the DIST-
FEMUR ROI, Fig. 4.3A). Elemental volume weighted mean maximum and minimum
principal strains within the ROIs were calculated. Percentage differences of the volume
weighted mean strains in ROIs were calculated in each LCP18 model using the
corresponding LCP14 model as the reference. In PFP and DSAP-implanted models, bony
ROIs were also identified around the three distal diaphyseal screws and the four condylar
screws, as well as in the distal metaphyseal shaft of the femur. Similarly, elemental volume
weighted mean maximum and minimum principal strains in those ROIs were compared
between PFP and DSAP models, while percentage differences in mean strains were

calculated in the DSAP model of each specimen using the PFP model as the reference.
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Fig. 4.3. FE models of two plating systems and two construct lengths. (A) FE models of a
cadaveric femur (specimen 2) that was implanted with the LCP and the novel PFP/DSAP
constructs. Bony ROIs around three distal diaphyseal screws and the condylar screws, as
well as the DIST-FEMUR ROI, are shown. Note that the plate in LCP14 was not in contact
with the bone below the most distal screw (or below the DSC3 ROI). (B) In LCP models,
evenly spaced plate cross-sections were defined perpendicular to the Y axis based on the
locations of screw holes. Though not evenly spaced, plate cross-sections in PFP and DSAP
models were defined based on the locations of screw holes. Local compressive stiffness
was calculated in 18 consecutive segments (divided by the 19 cross-sections), with focuses

on the distal A to E segments.

Transfer of compressive load through the plate was calculated as the resultant
compressive force in 19 cross-sections along the length of the plate (Fig. 4.3B). Load
transfer in the plate was compared across four plate-implanted conditions in each specimen.
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The model of the entire bone-implant system was divided into 18 consecutive segments
using the 19 cross-sections described previously. The local compressive stiffness in each
segment was calculated as the relative displacement of each segment divided by the applied
1200 N external force. Specifically, the relative displacement of each segment was
calculated as the difference in displacement between the top and the bottom cross-sections
that divided each segment. Local compressive stiffness was compared between two plating

systems and two construct lengths, with focuses on the distal segments.

4.2.5 MODELING OF PHYSIOLOGICAL GAIT LOADS

To investigate the fixation and the load transfer under physiological loads, gait-loading
was simulated using FE models of both plating systems. Peak hip contact force and femoral
muscle forces during gait (taken at the toe-off stage in the stance phase of gait) were
calculated using a musculoskeletal model and applied to the validated FE models of plate-
implanted femurs (Fig. 4.4) (Myers et al., 2018). Muscle forces were modeled as
distributed loads and applied over designated surface areas (centered at the insertion point
of each muscle, Fig. 4.4) (Chen et al., 2021). Maximum and minimum principal strains in
previously described ROIs were calculated in plate-implanted models. Load transfer
through the plate was calculated and compared between both plating systems and the two

construct lengths.
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Fig. 4.4. The gait-loading FE model of a LCP18 implanted cadaveric femur (specimen 2).
Vectors of the hip contact force and the muscle forces are shown. The gait-loading model
was constrained at nodes in medial and lateral condyles in all translations, and at nodes in

the patellofemoral articulation in anterior/posterior (AP) translation.

4.3 RESULTS

4.3.1 VALIDATION OF IMPLANTED FEMUR FE MODELS

Magnitude of bone and plate displacement varied across the three specimens, with
specimen three showing the highest overall displacement (Fig. 4.5A and C). Under the
peak load of mechanical testing, implantation of the PFF fixation construct was shown to
consistently reduce the displacement of bone markers compared to the THA implanted
femurs (Fig. 4.5A). The condyle-spanning construct (LCP18) did not show appreciable

differences in displacement as compared with the diaphyseal construct (LCP14) (Fig. 4.5).
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Using the mean first coefficient in density-modulus relationship for bone, FE models of
the implanted conditions showed good agreement with the experimentally measured

marker displacement across three specimens (Fig. 4.5).
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Fig. 4.5. Validation of FE models of three specimens using experimentally measured
displacement of bone and plate markers. (A) Bone marker displacement. (B) Percentage
errors in FE predicted bone displacement (mean standard deviation across all markers in
each specimen). (C) Plate marker displacement. (D) Percentage errors in FE predicted plate
displacement (mean =standard deviation across all markers in each specimen). FE models
simulated variances in bone property using the mean, and the lower and upper bounds of
the 95% confidence interval of the first coefficient in the density-modulus relationship

(Morgan et al., 2003). FE predicted ranges of displacement are shown (A and C).
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Compared with the experiment, mean percentage errors in FE-predicted bone marker
displacement were -7.2 £8.8%, -1.7 £8.2% and -3.4 £7.1% for THA, LCP14 and LCP18
across three specimens, respectively (Fig. 4.5B). Mean percentage errors in plate marker
displacement were 5.4 £10.0% and 0.3 £4.7% for LCP14 and LCP18, respectively (Fig.
4.5D). Simulations using different first coefficients in the density-modulus relation showed
how varied bone property affected FE predicted displacement (Fig. 4.5A and C). As
expected, models using the lower bound of the coefficient resulted in the highest
displacement across all implanted conditions, while the upper bound showed the lowest
magnitude of displacement (Fig. 4.5A and 5C). In general, the mean coefficient (mean FE
in Fig. 4.5) showed the best overall match in marker displacement as compared to the

experimental displacement.

4.3.2 COMPARISONS OF MODEL PREDICTED BONE STRAINS AMONG
DIFFERENT FIXATION CONSTRUCTS

Magnitude of principal strains varied across three specimens (Fig. 4.6). Specimen 3
showed overall higher magnitude of maximum and minimum principal strains than
specimens 1 and 2 (Fig. 4.6). Across five ROIs, the highest magnitude of strains was
consistently observed in the CSC ROI, with the condyle-spanning constructs (DSAP and
LCP18) showing higher strains than the corresponding shorter diaphyseal constructs (PFP

and LCP14) (Fig. 4.6).
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Fig. 4.6. Comparisons of maximum (A) and minimum (B) principal strains in ROIs
between two plating systems and two construct lengths under the peak load of mechanical

testing.

In contrast, LCP18 and DSAP models (condyle-spanning constructs) consistently
showed reduced mean maximum and minimum principal strains in ROIs of DSC1, DSC2,
DSC3 and DIST-FEMUR as compared with LCP14 and PFP (diaphyseal constructs)

models, respectively (Table 4.1). The highest percentage reduction in both maximum and
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minimum principal strains were observed in DSC3 in both LCP18 (-11.8 +4.9% in
maximum principal strain, and -11.8 +£2.5% in minimum principal strain) and DSAP (-
19.0 £11.9% in maximum principal strain, and -20.1 +13.8% in minimum principal strain)
models, with the DSAP models showing greater strain reductions compared with the
LCP18 models (Table 4.1). The DSAP models also showed greater strain reductions
compared with the LCP18 models in the DIST-FEMUR ROI (-13.8 3.2 % in DSAP
compared with -0.8 £2.5 % in LCP18 in maximum principal strain; -17.9 2£12.7% in DSAP
compared with -9.6 £2.1% in LCP18 in minimum principal strain). LCP18 and DSAP
models consistently showed increases in mean principal strains in the CSC ROI as

compared with the corresponding LCP14 and PFP models (Table 4.1).

Percentage Difference in Maximum Principal Strain® Percentage Difference in Minimum Principal Strain*

ROIs Simulated Mechanical Testing Simulated Gait-loading Simulated Mechanical Testing Simulated Gait-loading
LCP18vs LCP14 DSAPvs PFP LCP18vs LCP14 DSAPvs PFP | LCP18vs LCP14 DSAPvs PFP  LCP18vs LCP14  DSAP vs PFP
DSC1 -l.0£03% -1.1+£05% 1.7+ 1.5% 1.0+ 5.1% 39+12% S58£42% -0.7+£1.7% -13+£3.7%
DSC2 52435% -46+21% 77+41% -44+18% -B1+36% -86+6.1% -874+39% -59+13%
DSC3 -11.8+49% -19.0+£11.9 % -22.1+86% “248+115% -11.8+£25% -201+£138% 214 +£54% -26.6+10.5 %
DIST-FEMUR -08£25% -13.8£32% -10.8+ 54 % -159+52% 9.6+2.1% -17.9=12.7% -19.1£2.0% -25.7+£45%
CSC 36.1 £26.6 % 40.1 £24.6 % 28.9 2.0 % 1.8+2.7% 13.3£5.5% 11.2 8.2 % 6.5+24% -3.9+2.0%

Table 4.1. Percentage differences in mean principal strains are shown between the
diaphyseal and the condyle-spanning constructs of two plating systems. *A negative value

indicates a reduction in strain.

Similar to models applying the peak load in mechanical testing, gait-loading models of
condyle-spanning constructs (LCP18 and DSAP) consistently showed strain reductions in
ROIs of DSC2, DSC3 and DIST-FEMUR compared with the diaphyseal constructs
(LCP14 and PFP, respectively; Fig. 4.7 and Table 4.1). In contrast to mechanical testing,

gait-loading models generally showed higher magnitude of mean maximum and minimum
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principal strains in all ROIs, with smaller differences across different ROIs (Fig. 4.7). The
amount of strain reductions was generally higher in the gait-loading LCP18 and DSAP
models as compared with models of mechanical testing, especially in ROIs of DSC3 and

DIST-FEMUR (Table 4.1).
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Fig. 4.7. Comparisons of maximum (A) and minimum (B) principal strains in ROIs in

models between two plating systems and two plate lengths under gait-loading.
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Under gait-loading, the DSAP models showed higher levels of strain reductions in
DSC3 and DIST-FEMUR compared with the LCP18 models (Table 4.1). Increases in mean
principal strains were consistently observed in the CSC in LCP18 models as compared with
LCP14 models. DSAP models showed considerably less increases in maximum principal
strain in CSC as compared with LCP18 models (1.8 £2.7% in DSAP compared with 28.9
+2.0% in LCP18, Table 4.1), while showing decreased mean minimum principal strain (-

3.9 £2.0% in DSAP compared with 6.5 £2.4% in LCP18, Table 4.1).

4.3.3 COMPARISONS OF LOCAL STIFFNESS AMONG DIFFERENT FIXATION
CONSTRUCTS

Under the peak load of mechanical testing, a sudden drop of the local compressive
stiffness was observed in both diaphyseal constructs in segment B (the first segment located
below the diaphyseal plate, Fig. 4.8A) as compared with the proximal neighboring segment
A (a reduction of 53.2 =12.1% in LCP14, and a reduction of 44.2 +=9.5% in PFP, Fig.
4.8A). In contrast, the local compressive stiffness in condyle spanning constructs
maintained relatively consistent through segments A to E (Fig. 4.8A).

The condyle spanning constructs consistently showed increased local compressive
stiffness as compared with the shorter diaphyseal constructs across segments A to E (Fig.
4.8B). Under the peak load of mechanical testing, the peak percentage increase in local
compressive stiffness was observed in segment B (117.3 +52.1% and 151.1 +107.1% in
LCP18 and DSAP, respectively). Similarly, the condyle-spanning constructs were shown

to increase the local compressive stiffness under simulated gait-loading (Fig. 4.8C).
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Fig. 4.8. Comparisons of local compressive stiffness and the increases in local compressive
stiffness in condyle-spanning constructs. (A) Local compressive stiffness of bone-implant
systems (LCP14, LCP18, PFP and DSAP) was calculated in 18 consecutive segments
(defined using the 19 cross-sections), with focuses on the five distal segments (A to E). (B)
Increases in local compressive stiffness (mean xstandard deviation across three specimens)
in LCP18 and DSAP under peak load of mechanical testing as compared with LCP14 and
PFP, respectively. (C) Increases in local compressive stiffness (mean +standard deviation

across three specimens) in LCP18 and DSAP under gait-loading.

4.3.4 COMPARISONS OF LOAD TRANSFER AMONG DIFFERENT FIXATION
CONSTRUCTS

Tension (in the positive Y-direction of the femur coordinate system) was observed
through the proximal cross-sections of the plate (proximal to cross-section 11, Fig. 4.9A
and B), whereas compression (in the negative Y-direction) was observed through distal
cross-sections of the plate (cross-sections 11 through 18, Fig. 4.9A and B). When tension

was observed at a plate cross-section, higher compression was transferred through the bone
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compared to the magnitude of compressive force in the system at the same cross-section
(Fig. 4.9A). Through stiffening the entire bone-implant system, the proximal portion of the
plate provided more compressive force to the bone, whereas the distal portion of the plate

functioned to share the compressive force that was transferred through the system (Fig.

4.9A).
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Fig. 4.9. Comparisons of load transfer among two plating systems and two construct
lengths. (A) As an example, load transfer in compression(-)/tension(+) through cross-
sections in the plate, the bone and the entire bone-implant system are shown in a LCP18
implanted model under the peak load of mechanical testing (specimen 2). (B) Comparisons
of load transfer (mean = standard deviation across three specimens) in
compression(-)/tension(+) through the plate in different constructs (LCP14, LCP18, PFP
and DSAP) under the peak load of mechanical testing. (C) Comparisons of load transfer
(mean *standard deviation across three specimens) in compression(-)/tension(+) through

the plate in different constructs under gait-loading.
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Both in mechanical testing and under loads of simulated gait, the condyle-spanning
constructs enabled load transfer to the lateral condyle through the condylar screws (Fig.
4.9B and C). Compared with the diaphyseal constructs (LCP14 and PFP), the condyle-
spanning constructs (LCP18 and DSAP) were shown to share more compressive load in
cross-sections between DSC2 and DSC3 (Fig. 4.9B and C). In addition, the DSAP
construct was shown to share more compressive load compared with LCP18 in cross-
sections between DSC2 and DSC3 and between DSC3 and CSC (Fig. 4.9B and C),

especially under gait-loading (Fig. 4.9C).

4.4 DISCUSSION

FE models of THA and PFF fixation construct implanted femurs were developed and
validated for three cadaveric specimens by accurately representing the experimentally-
measured displacement of bone and plate markers. Through increasing the local
compressive stiffness and lowering the resultant compressive load in the distal diaphyseal
and metaphyseal shaft of the femur, the condyle-spanning constructs of two different
plating systems both showed potentially lowered risks of bone damage in ROIs as
compared with their corresponding diaphyseal constructs.

By accurately replicating the in situ position of implants, FE models were able to
differentiate bone and plate displacement in different specimens and implanted conditions.
Simulations using different first coefficients in the density-modulus relationship allowed
evaluations of the sensitivity of FE-predicted displacement relative to the uncertainty in

material models for bone. Though models using the mean first coefficient generally
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achieved the best match to the experimental displacement in this study, models of specimen
1 showed higher mean percentage errors as compared with specimens 2 and 3 (Fig. 4.5B
and 4.5D).

Clinically, increasing the construct length in PFF fixation has shown benefits in
mitigating the risks of secondary femoral fractures in the distal diaphyseal shaft of the
femur (Bryant et al., 2009; Moloney et al., 2014). Using experimentally validated FE
models, this study showed that both condyle-spanning constructs of two plating systems
(LCP18 and DSAP) were able to lower mean maximum and minimum principal strains in
ROIs around distal diaphyseal screws (DSC2 and DSC3), and in the distal metaphyseal
shaft of the femur (the DIST-FEMUR ROI). The reduction of local maximum principal
strain in bone is indicative of lowered risks of fracture in femurs implanted with condyle-
spanning constructs (Choi et al., 2010; Lever et al., 2010; Moazen et al., 2013). Meanwhile,
the reduction of minimum principal strain is indicative of lower risks of screw loosening,
which has been associated with compromised integrity of plate fixation that could modify
patterns in load transfer with elevated local strains in neighboring fixation locations (Feng
et al., 2019; Panagiotopoulos et al., 1994; Sugiura et al., 2000). Modeling of gait loading
allowed the assessment of PFF fixation mechanics under physiological conditions.
Compared with the uniaxial load in mechanical testing, higher levels of strain reduction
were indicative of increased efficacy of the condyle-spanning constructs (LCP18 and
DSAP) in mitigating the risks of bone damage in ROlIs of DSC2, DSC3, and DIST-FEMUR
under gait loads. Between the two different PFF plating systems, The VA-LCP

Periprosthetic Proximal Femur Plating System construct (DSAP) was shown to be more
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effective in lowering the risks of bone damage in DSC3 and DIST-FEMUR compared with
the LCP18 construct.

It was hypothesized that a longer plating construct that extends to the lateral condyle of
the femur would distribute the load more evenly, therefore reducing local strains/stresses
in the bone around the distal diaphyseal screws (Bryant et al., 2009; Moloney et al., 2014).
In this study, the condylar fixation was shown to increase the local compressive stiffness
in the distal diaphyseal and metaphyseal shaft of the femur, as well as enabled more load
transfer through the distal portion of the plate. The increased stiffness combined with
lowered compressive load in the distal diaphysis and metaphysis of the femur consequently
resulted in lowered mean principal strains in ROIs.

Transfer of the compressive load through condylar screws was shown to result in
elevated mean principal strains in the CSC ROI in femurs implanted with condyle-spanning
constructs. However, different strategies in condylar fixation may mitigate the effect of
elevated strains in the CSC ROI. Though more compressive load was transferred to the
bone via condylar screws in DSAP models as compared with LCP18 models (Fig. 4.7),
DSAP models showed fewer increases in mean principal strains in CSC ROIs (Table 4.1).
Compared with the condylar fixation using a single 5.0-mm screw in the LCP18 construct,
the DSAP construct utilized four 3.5-mm screws. The compressive load was transferred
more evenly to the lateral condyle through a larger volume of bone in DSAP models, which
could be associated with the lessened elevation in principal strains.

Several limitations of this study should be considered. The ROIs of bone strains were

completely covered by the implanted plate in physical specimens; therefore this study
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could not measure bone strains in ROIs in the experiment using the DIC system. This study
used the DIC system to measure the displacement of bone and plate markers over almost
the entire length of the implanted plate as well as the middle and distal shaft of the femur.
Future studies may use alternative methods, such as surface strain gauges, to measure bone

strains in ROIs.

4.5 CONCLUSION

Using experimentally validated FE models, this study demonstrated the biomechanical
benefits of utilizing condyle-spanning constructs over the diaphyseal constructs in PFF
fixation in mitigating risks of secondary femoral fractures. Different strategies in condylar
fixation were shown to mitigate the potential strain elevations in the femoral lateral condyle.
This study highlighted the importance of simulating physiological loads for the assessment
of the biomechanics of PFF fixation. Future studies will apply similar strategies to

investigate the biomechanics of PFF fixation in other common activities of daily living.
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CHAPTER FIVE. IMPACT OF BONE HEALTH ON THE MECHANICS
OF PLATE FIXATION FOR VANCOUVER B1 PERIPROSTHETIC

FEMORAL FRACTURES

5.1 INTRODUCTION

Periprosthetic femoral fracture (PFF) is one of the leading causes of reoperation
(approximately 6% of cases) after a total hip arthroplasty (THA) (Abdel et al., 2016;
Duncan and Haddad, 2014; Lindahl et al., 2007; Marsland and Mears, 2012). The fracture
around or just below the implanted THA stem (the Vancouver type B PFF) accounts for
over 70% of all PFF cases (Marsland and Mears, 2012). With a stable THA stem (further
classified as the type B1 PFF), implantation of a fracture fixation plate has proven to be a
successful treatment to promote the healing of the primary PFF (Bryant et al., 2009;
Moloney et al., 2014; Pletka et al., 2011; Shah et al., 2011). However, high incidences of
femoral refractures (ranged 7% to 20%) have been reported clinically (Lindahl et al., 2006;
Miettinen et al., 2021), with the refractures frequently occurring distal to the implanted
plate (approximately 50% of all refracture cases) (Randelli et al., 2018). Femoral
refractures require complex reoperation and have been reported to increase the rate of
disability and mortality (Giovanni et al., 2020b; Lindahl et al., 2007, 2006; Randelli et al.,

2018).
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Clinically, a longer condyle-spanning plate-screw construct has been shown to reduce
the risks of femoral refractures (Bryant et al., 2009; Moloney et al., 2014). Through
simulating peak gait loading, a previous biomechanical modeling study by our group
showed that condyle-spanning constructs reduced bone strains in the distal diaphysis and
metaphysis as compared with shorter plates under physiological muscle loads (Chen et al.,
2022a). However, those studies either only used healthy femurs, or did not quantify the
health state of bone (Bryant et al., 2009; Chen et al., 2022a; Moloney et al., 2014). Patients
with osteoporosis (accounts for over 25% of all THA patients) have been associated with
increased risks of type B1 primary PFF, as well as complications after fixation of PFF
(Franklin and Malchau, 2007; Glowacki et al., 2003; Karachalios et al., 2020; Labuda et
al., 2008; M&kinen et al., 2007; Reid, 2020; Sidler-Maier and Waddell, 2015). No study
has thus far evaluated the mechanics of plate fixation in patients with osteoporosis.

In addition to the degraded bone strength hindering plate fixation, osteoporosis-
associated muscle weakening may also affect the mechanics of the bone-implant system
(Be’ery-Lipperman and Gefen, 2005; Rikkonen et al., 2012; Sinaki et al., 2005).
Weakening of the major hip abductors (gluteus medius) and the knee extensors (the vastus
muscles) have been typically reported in patients with osteoporosis (Be’ery-Lipperman and
Gefen, 2005; Rikkonen et al., 2012; Sinaki et al., 2005). Weakening of those muscles has
been associated with the Trendelenburg gait, i.e. slower gait and increased side sways,
which has been shown to reduce hip abduction moment and loading at the knee (Brech et
al., 2013; Henriksen et al., 2009; Mindermann et al., 2008; Sinaki et al., 2005; Weinhandl|

et al., 2017). Such modified muscle and joint loading may reduce stress and strain in THA
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and plate implanted femur. However, since no clinical and biomechanical study has
investigated modified muscle and joint loading in PFF fixation, it remains unclear how the
mechanics of plate fixation may be affected.

Using experimentally-validated finite element (FE) models of THA and plate-implanted
femurs, the mechanics of plate fixation were investigated for two plating systems and two
construct lengths in both healthy and osteoporotic femurs. Through simulating peak loads
of three common activities of daily living (ADLs: gait, stair-descent, and sit-to-stand),
resulting bone strains and plate stress were evaluated and compared between two plating
systems and two construct lengths in plate-implanted healthy and osteoporotic femurs. In
addition, load transfer and stiffness of the bone-implant system were calculated to
investigate the mechanisms underlying differences in bone strains between different

plating systems and construct lengths.

5.2 METERIALS AND METHODS

5.2.1 CADAVERIC FEMURS AND DETERMINATION OF T-SCORE

Computed Tomography (CT) scans (0.72 mm X 0.72 mm X 0.60 mm, SIMENS,
Munich, Germany) of six fresh frozen cadaveric femurs were used for the development of
coupled musculoskeletal and finite element models. Three of the six selected cadaveric
femurs (all left; two males, one female; age, 71.7#1.7; height, 169.446.4 cm; weight,
67.7%16.9 kg) were physically tested and numerically modeled in a previous study (Chen
etal., 2022a). These three specimens did not show signs of bone damage or disease, thereby

were denoted as ‘healthy’ subjects in the current study (Fig. 5.1A).
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To compare with the three healthy specimens, three osteoporotic femurs were selected
and modeled. Among the three osteoporotic femurs (all left; two females, one male; age,
84.043.6; height, 165.147.4 cm; weight, 59.9415.9kg), one was physically tested and
numerically modeled similar as the three healthy specimens, the remaining two were
selected from an inhouse CT database of fresh frozen cadaveric specimens. CTs of

osteoporotic femurs clearly showed radiographic porotic bone loss (Fig. 5.1A).

QCT DXA

W Healthy ™ Osteoporotic

Healthy Osteoporosis

Fig. 5.1. Comparisons of the CT image and T-scores between healthy and osteoporotic
femurs. (A) CT slices of a healthy femur (left) and an osteoporotic femur (right). Red
ellipsoids indicated radiographically observed porotic bone loss. (B) Comparisons of CT

derived T scores between the healthy and osteoporotic femurs.
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Analyses were conducted to determine T-scores for the femurs using a previously
established method (Varga et al., 2016). The CT Hounsfield units (HUs) were converted
into volumetric bone mineral density units (vBMD) using specimen-specific calibration
equations determined from a five-material density phantom (Model 3, Mindways Software
Inc, Austin, TX, USA) according to the specifications of the phantom manufacturer (Eq.
1). Note that coefficients in Eq. 1 were the mean values from CTs of six specimens. The
femurs were segmented semi-automatically on the resulting quantitative CT (QCT) images
using Amira software (v6.3, FEI Company, Hillsboro, Oregon, USA). Anatomical
landmarks including head center, neck axis and shaft axis were identified using a custom-
developed algorithm implemented in GNU Octave 3.8.2 (www.gnu.org/software/octave/),
utilizing tools from Fiji (Schindelin et al., 2009) with the BoneJ plugin (Doube et al., 2010)
and the Insight Segmentation and Registration Toolkit (ITK, www.itk.org). Based on these
landmarks, the QCT images were aligned with the anatomical axes of femurs. Areal bone
mineral density (aBMD, in mg/cm?) of the proximal femur was calculated by dividing the
summed bone mineral content by the projected area. The latter was determined by
projecting the QCT image along the anterior-posterior axis into a 2D image and measuring
the area of the projected mask. The resulting densities were corrected to account for
differences between QCT-based and dual X-ray absorptiometry (DXA)-based aBMD and
then converted into T-scores using the relationships proposed by Khoo et al. (Khoo et al.,
2009). The osteoporotic femurs showed much lower QCT-based T-scores (-2.6 +0.2) and
DXA-based T-scores (-2.6 £0.2) than the healthy femurs (QCT-based T-score: -0.7 %0.5;

DXA-based T-score: -0.4 +£0.5). Those T-scores agreed well with the reported range for
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osteoporotic femurs (below -2.5) and healthy femurs (above -1.0) (Khoo et al., 2009;
M&inen et al., 2007).

vBMD (g/cm®) = —0.02184 + 0.8242 * HUs Eq.1

5.2.2 DEVELOPMENT AND VALIDATION OF THA AND PLATE IMPLANTED FE
MODELS OF CADAVERIC FEMURS

The development of THA and plate implanted FE model used the same method as
described in detail previously (Chen et al., 2022a). Briefly, three healthy femurs and one
osteoporotic femur were physically implanted with a THA femoral component (Corail®,
DePuy Synthes, Warsaw, IN, USA) and the Locking Compression Plating system (LCP
system, DePuy Synthes, West Chester, PA, USA) that had a diaphyseal configuration and
a condyle-spanning configuration. In the diaphyseal LCP construct, the 4.5 mm Curved
Broad LCP was fixed to each femur using six 5.0-mm locking screws, with the most distal
screw implanted through the 14th hole on the plate (hence the LCP14 construct, Fig. 5.2A).
The condyle-spanning construct included an additional 5.0-mm locking screw that was
implanted into the lateral condyle of each femur through the most distal screw hole (the
18th hole) on the LCP (hence the LCP18 construct, Fig. 5.2A). The THA and LCP
implanted femur FE models accurately replicated the in situ implant positions using 3D

scans of the physical specimens as references (Fig. 5.2A).
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Fig. 5.2. Experimental validation of models of THA and plate implanted femurs. (A) Left,
3D scanned geometries of a physically-implanted femur (THA and the LCP construct) in
the setup of mechanical testing. Right, the FE model of the THA and LCP18-implanted
femur. (B) FE models of a femur that was implanted with the PFP+DSAP system. Left,
locations of bone strain ROIs (DSC1, DSC2, DSC3, and CSC are 10 mm diameter
cylindrical volumes centered at the axis of each screw). Right, 19 cross-sections for the
calculation of load transfer through the bone-implant system. Stiffness of the bone-implant
system was calculated in segments along the femur, with focuses on the distal five
segments (A through E). (C) Comparisons of displacement of bone and plate markers
between experimentally-measured and FE-predicted values. (D) Percentage errors of FE-

predicted displacement relative to the measured values.
93



Since the remaining two osteoporotic femurs did not have physical references, virtual
implantations of THA and the LCP constructs mimicked the positions in those physical
specimens. The orientation and the size of the THA stem was determined by the shape of
the femoral canal, with the position of the THA head center coincidental with the native
femoral head center. The LCP constructs were implanted to the lateral surface of femur
with the same screw locations as in those physical specimens (Fig. 5.2A). In particular, the
most distal screw in the LCP14 model maintained the same location as in those physical
specimens (96 =10 mm above the bottom fixation surface of each specimen, Fig. 5.2A).

The femur, the THA component, the plate and the screw were meshed using 10-noded
tetrahedral elements in Abaqus 2018 (Dassault Systémes, V@&izy-Villacoublay, France)
using mean edge lengths of 2 mm, 2 mm, 1 mm, and 0.5 mm, respectively. A finer local
mesh size (0.5 mm edge length) was used to mesh the bone elements at the bone-screw
interface to estimate strains in the high gradient region. The edge lengths were determined
through a previous mesh convergence study (Chen et al., 2022a). Given lack of relative
displacement observed during physical testing, fully-bonded interfaces were modeled for
bone-stem, bone-screw and plate-screw interfaces.

The cobalt-chrome THA component (Young’s modulus: 210 GPa; Poisson’s ratio: 0.29)
(Weinans et al., 1992), the stainless steel fracture fixation plate and screws (Young’s
modulus: 149 GPa; Poisson’s ratio: 0.3) (ASTM F138-13a, 2013) were modeled as linear
elastic.

Bone was modeled as nonhomogeneous linear elastic materials (with a constant

Poisson’s ratio of 0.3). Young’s moduli of bone were interpolated from CT HUs and the
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density phantom using previously established relationships in 50 MPa intervals (Eq. 1 to

4) (Morgan et al., 2003; Schileo et al., 2008; Taddei et al., 2007).

Ash Density (g/cm®) = 0.8772 * vBMD + 0.07895 Eq. 2
Apparent Density (g/cm®) = Ash Density / 0.6 Eq. 3
Young's Modulus (MPa) = 6850 * Apparent Density!4° Eq. 4

The THA and LCP implanted FE models (LCP14 and LCP18) of the three healthy
femurs and one osteoporotic femur were validated using experimentally-measured bone
and plate displacement from a previously developed protocol (Chen et al., 2022a). The
implanted-femurs were fixed at the distal femur in 3extension and 3 “Vvalgus and subjected
to a 1200 N uniaxial compressive force applied through the THA femoral head (Fig. 5.2A).
Bone and plate displacement were measured using the markers of a digital imaging
correlation system (GOM, Braunschweig, Germany) that were glued to the anterolateral
surfaces of the femur and the implanted plate. FE-predicted displacement agreed with the
experimentally-measured marker displacement (Fig. 5.2C), achieving less than #10%
mean percentage error (Fig. 5.2D).

After validation against physically-measured bone and plate displacement (LCP14 and
LCP18 configurations), the PFP+DSAP system (3.5/4.5 mm VA-LCP Proximal Femur
Plate combined with the modular 3.5 mm Distal Femur Spanning Attachment Plate, DePuy
Synthes, West Chester, PA, USA) was virtually implanted into the femur FE models. To
compare with the diaphyseal LCP14 models, the most distal screw in the 3.5/4.5 mm VA-

LCP Proximal Femur Plate (PFP) implanted models maintained the same location as in
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LCP14 models (96 =10 mm above the bottom fixation surface of each femur, Fig. 5.2A
and B). The modular Distal Femur Spanning Attachment Plate (DSAP) was then attached
to the PFP plate using two connecting screws and was fixed to the lateral condyle of each
femur using four 3.5-mm locking screws to complete the condyle-spanning DSAP
construct (Fig. 5.2B). Implanted FE models (THA, LCP and PFP+DSAP) were developed

similarly for the remaining two osteoporotic femurs.

5.2.3 MODELING OF PHYSIOLOGICAL ADL LOADS

Physiological loadings of three common ADLs (gait, stair-descent and sit-to-stand)
were simulated to compare bone strain, load transfer and local stiffness of the bone-implant
system between the healthy and the osteoporotic femurs. The hip contact force and femoral
muscle forces were calculated in each ADL (with the focus on the instance of peak hip
contact force) using a coupled musculoskeletal and FE model (Chen et al., 2022b, 2021;
Myers et al., 2018). The peak hip contact force was applied through the THA femoral head,
while muscle forces were modeled as distributed loads and applied over designated surface
areas (centered at the insertion point of each muscle, Fig. 5.3). Before applying to FE
models of each specimen, magnitudes of the hip contact force and muscle forces were
scaled to the body weight of each specimen. These initially applied physiological forces
were referred as ‘the normal muscle forces’ to distinguish from the later simulation of
osteoporosis associated muscle weakening.

To simulate osteoporosis associated muscle weakening, the normal forces of hip

abductors and knee extensors were reduced to 70% of the previously calculated magnitude
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(Sinaki et al., 2005). Weakened forces of hip abductors and knee extensors altered the
resultant force and moment in the bone-implant system, the magnitude of the hip contact
force and forces of other major muscles were adjusted using a previously developed FE
integrated optimization approach to reestablish force and moment balance in the bone-
implant system (Chen et al., 2021). The adjusted muscle forces were thereby referred to as
‘the weakened muscle forces’, which were applied only in models of osteoporotic femurs.

Hip contact force
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Fig. 5.3. Simulated muscle forces are shown in a coupled musculoskeletal and FE model
of a THA and plate implanted femur. The peak hip contact force was applied through the
THA femoral head, while muscle forces were modeled as distributed loads and applied
over designated surface areas. Forces of hip abductors (red) and knee extensors (blue) were
decreased to 70% of the healthy capacity to simulate osteoporosis associated muscle
weakening. Magnitudes of the peak hip contact force are shown for three simulated ADLs

(right bottom).
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To compare bone strain between the healthy and the osteoporotic models, as well as
between different plating systems and different construct lengths, regions of interest (ROISs)
were identified that contained bone elements around three distal diaphyseal screws and
condylar screws in plate-implanted models (ROIs of DSC1, DSC2, DSC3, and CSC, which
are 10 mm diameter cylindrical volumes centered at the axis of each screw, Fig. 5.2A and
B) (Chen et al., 2022a). Additionally, a DIST-FEMUR ROI was defined at the distal
femoral metaphyseal shaft (Chen et al., 2022b). Elemental volume weighted mean
maximum and minimum principal strains within the ROIs were calculated. Percentage
differences of the volume weighted mean strains in the ROIs were calculated in each
LCP18 and DSAP implanted model using the corresponding LCP14 and PFP model as the
reference, respectively. To compare the impact of plating (different plating systems and
different construct lengths) between the healthy and the osteoporotic femurs, the
percentage differences in strains between the diaphyseal and the condyle-spanning
constructs were compared in both the healthy and the osteoporotic femurs.

Load transfer through the bone-implant system were calculated in implanted healthy
and osteoporotic femurs, which was compared between two plating systems and two
construct lengths. The calculation of load transfer focused on the compressive force (the
major component of the resultant force) through 19 cross-sections that were determined
based on the structure of the plate (Fig. 5.2B).

In addition, local compressive stiffness of the bone-implant system in the distal femur
was calculated in healthy and osteoporotic femurs, and compared between two plating

systems and two construct lengths (Eg. 5, Fig. 5.2B). Note in Eqg. 5, the displacement of
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each segment (e.g., the segment divided by cross-sections i+1 and i) was the relative
displacement between two cross-sections.

Local Stiffness (N/mm) = Force/(Displacement;,,; — Displacement;) EQ.5

5.3 RESULTS

5.3.1 COMPARISONS OF BONE STRAINS BETWEEN HEALTHY AND
OSTEOPOROTIC MODELS

Applying ‘the normal muscle forces’, loads of stair-descent generally resulted in the
highest mean maximum and minimum principal strains in both healthy and osteoporotic
femurs across three simulated ADLs (Fig. 5.4A and C). The DIST-FEMUR or the DSC3
ROI in models implanted with shorter constructs (LCP14 and PFP) typically showed the
highest mean strains across five ROIs in both healthy and osteoporotic femurs. In
osteoporotic models, LCP14-implanted femurs showed the highest magnitude of strains in
DIST-FEMUR (601.8 + 224.5 pe in maximum principal strain and -825.2 + 261.2 pe in
minimum principal strain, compared with 448.3 + 242.4 pe and -658.9 + 333.8 pe in PFP-
implanted healthy femurs, Fig. 5.5A). Between the condyle-spanning constructs of two
plating systems, DSAP-implanted femurs typically showed slightly lower mean strains in
DSC3 and DIST-FEMUR than LCP18-implanted femurs (especially in osteoporotic

femurs, Fig. 5.5A).
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Fig. 5.4. Comparisons of bone strain and plate stress between a healthy and an osteoporotic
femur (with a similar bodyweight of approximately 58 kg) under loads of simulated stair-
descent. Results are shown for the osteoporotic model applying both ‘the normal’ and ‘the
weakened muscle forces’. (A) Absolute maximum principal strain in LCP18-implanted
femurs. (B) Plate stress in LCP18-implanted femurs. (C) Absolute maximum principal
strain in DSAP-implanted femurs. (D) Plate stress in DSAP-implanted femurs. Construct

lengths showed little effect on the peak stress or stress distribution (data not shown).

100



(A) Healthy Osteoporosis Osteoporosis
Normal Muscle Weakened Muscle
[ JLcri4
o > . CPlg
N Xe
& Ny [ prp
o £ DS AP
Vo N -
G:D e
N &
@& \@“
QQ’ & <<<O N
‘-g\’ ch ) o c;‘\' (:5‘
o 0 209 g 50g S0 100, 0 209 Y0y 50 S0p 109> 0 20 90 505 Sap 0g,

‘ 2 - 2
; o s’ ; o <

Maximum Principal Strain (pe)

- %, . i,
‘ gq% t%@
2N N
2 2,
4, 4, “,
(000 500 (0 40 00 © % o050 (0 0400 O % GO0 (0 00 O %
Minimum Principal Strain (pe)
(B) Health Osteoporosis Osteoporosis
y Normal Muscle Weakened Muscle
| -~ f ™ k
@ (¥ 8]
¥ NS ¥ .
G:C:\l %Ca ’3—‘ r_}‘D’
T NEEE Yo
3 s g
= = 0
Q ol Q " ol @ -
W ) S —
./\-&Q%Q: & L POMCE i

Q\Lj -40%-20% 0 2().'!—1'. 40% {)\L'ﬁ
Percentage Difference in Maximum Principal Strain

K-’--fl[)‘."‘n-2()'?41» 0 20% 4(]‘!-3.0\‘? -40%-20% 0 20% 40%

N N 4 N '*

< & &

\ Al 9 o '.‘ 9 R ‘1

& & & BEI.CPI8vs LCP14
o & . > il EEEDSAP vs PFP

A Yo Vo ol

& & »

Y /\3‘0 & Ll /\f‘((' & -
Q -40%-20% 0 20% 40% Q -40%-20% 0 20% 40% Q' -40%-20% 0 20% 40%

Percentage Difference in Minimum Principal Strain
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were compared in healthy and osteoporotic femurs under simulated loads of stair-descent.
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between the diaphyseal and the condyle-spanning constructs (LCP18 versus LCP14 and

DSAP versus PFP).
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Across three ADLs, condyle-spanning constructs of two plating systems consistently
reduced strains in DSC3 and DIST-FEMUR compared with their corresponding shorter
constructs, with DSAP frequently showing greater reductions than LCP18 (Table 5.1,
indicated in green background). In DIST-FEMUR (showed the highest mean maximum
principal strain in osteoporotic femurs across five ROIs) under simulated loads of stair-
descent, DSAP models reduced mean maximum principal strain (compared with PFP) by
12.2 £4.5% and 8.1 +2.5% in healthy and osteoporotic femurs, respectively (Table 5.1
and Fig. 5.5B). In contrast, LCP18 (compared with LCP14) showed 7.1 +2.0% reductions
in heathy femurs and 4.1 +0.2% reductions in osteoporotic femurs (Table 5.1 and Fig.
5.5B). When applying ‘the weakened muscle forces’ in osteoporotic femurs, condyle-
spanning constructs achieved greater strain reductions in DSC3 and DIST-FEMUR than
the osteoporotic models applying ‘the normal muscle forces’ (approximately 5% more for
both DSAP versus PFP and LCP18 versus LCP14, Table 5.1 and Fig. 5.5B).

In the most distal CSC ROI, LCP18 models of both healthy and osteoporotic femurs
consistently showed increased strains as compared with LCP14 models (mean increases of
33.2% and 7.0% in maximum and minimum principal strains across three ADLS,
respectively; Table 5.1). In contrast under simulated loads of gait and stair-descent, DSAP-
implanted models showed relatively unchanged strains in healthy femurs, and even reduced

strains in osteoporotic femurs in CSC (Table 5.1, indicated in blue background).
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Gait

LCP18 vs LCP14 DSAP vs PFP
Maximum Principal Strain Minimum Principal Strain Maximum Principal Strain Minimum Principal Strain
ROIs Healthy Osteoporosis O(::::x ;225 Healthy Osteoporosis os\ﬂ::ﬁ: ;zsdl)s Healthy Osteoporosis O;::Eg ;Zi;)s Healthy Osteoporosis O\S,\::kp:;? s
DSC1 20+02% 16 +2.2% 33+2.7% 05+0.2% 02+05% 0.8+06% 3.4+04% 15+25% 52+31% 1.0 +0.3% 0.4+1.0% 19+1.3%
DSC2 -19+15% 0.3:+14% 0.8+1.6% 46+09% | -38+26% | -51+4.6% 0.1+4.9% 24+35% 8.7+3.7% -18431% | -02+04% | 17+10%
DSC3 211+11% | -125+9.7% | -185+13.0% | -188+4.2% | -11.8+8:8% | -163+105% | -17.9+9.7% | -154+37% | -208+87% | -201+81% | -121+60% | -181+7.4%
DIST-FEMUR| -9.5+1.9% -6.0£15% 00+20% | -150%+22% | -121+43% | -171+30% | -119+44% | -100+14% | -138+37% | -195+42% | -151+25% | -22.7+2.7%

e R R T N R Il T e e

Stair-descent

LCP18 vs LCP14 DSAP vs PFP
Maximum Principal Strain Minimum Principal Strain Maximum Principal Strain Minimum Principal Strain
ROIs Healthy Osteoporosis CZ\S':;: ;22;5 Healthy Osteoporosis O(S‘A_: :Ez ;sti)s Healthy Osteoporosis O&;Z;S Healthy Osteoporosis O\s"::kp:;:sdi\s
DSC1 12+03% 07 +1.4% 23+19% 01200% | 04+06% | 02+06% 29+05% 0.1+26% 39+26% 05+03% | -07+14% | L1+12%
DSC2 43+26% | -L1+19% 0.4+1.8% 58+07% | -41+10% | -48+23% | -2052% | -05+44% 58 +42% 42+42% | -23+19% | -00+17%
DSC3 178+14% | 92+42% | -167488% | -170%36% | -97+44% | -146+68% | -226+7.7% | -120+54% | -17.7+31% | 244+82% | -10.7+43% | -161+39%
DIST-FEMUR| -7.1+20% | -41202% 74%23% | -129%30% | -102+20% | -150+14% | -122+45% | 81+25% | -116+32% | -209+51% | -135+11% | -204+18%

Mean-CSC 25.0 +4.0% 197 £1.2% 262 £2.9% 6.4 £4.0% 59+4.1% 8.6 +4.7% 6.0+34% 052.3%

Sit-to-stand
LCP18 vs LCP14 DSAP vs PFP
Maximum Principal Strain Minimum Principal Strain Maximum Principal Strain Minimum Principal Strain

. Osteoporosis .| Osteoporosis . Osteoporosis .| Osteoporosis

ROIs Healthy Osteoporosis (veakened) Healthy Osteoporosis (eakened) Healthy Osteoporosis (veakened) Healthy Osteoporosis weakened)

DsC1 3.0+39% 9.5 +4.5% 7.9 +3.6% -0.4+0.9% 0.9+1.7% -03%+1.8% 6.6 +£3.5% 9.2+52% 7.3+81% 0.6 +0.9% 10+11% 0.2 +1.9%
Dsc2 -14.6 £10.3% -215+21% -249 +1.7% -10.7 £4.1% -15.9 +5.3% -18.3 +£6.2% -4.4+143% -9.3+59% -17.9+12.3% -8.4+4.9% -11.3+8.6% -16.1+3.6%
Dsc3 -26.1£7.1% -37.9 £5.9% -41.4 £8.1% -181+63% | -27.0%29% | -29.8+6.0% -47.3 £7.9% -52.3 £9.1% -60.0 £8.1% -36.8£86% | -380£7.1% | -431+54%
DIST-FEMUR| -105%0.9% -15.8 £3.7% -16.4 £3.6% -13.4 £5.6% -20.8 £5.4% -21.7 £6.8% -25.2 £9.0% -25.3+5.3% -30.3£7.0% -256+34% | -20.1x46% | -321%7.4%

Mean-CSC | 42.0+135% 54.3 £7.4% 57.2 £6.2% 8.7 £59% 156 £3.9% 16.4 £4.0% 19.6 £8.1% 18.1+11.2% 23.7 £9.0% 6.3 £7.3% 8.4 £7.4%

Table 5.1. Comparisons of percentage difference in maximum and minimum principal
strains. Comparisons were made for LCP18 versus LCP14 and DSAP versus PFP, and
between healthy and osteoporotic femurs (applying the normal and the weakened muscle
forces, respectively) across three ADLs. Reduction in strains were indicated as negative
numbers. Cells in green background, instances where DSAP showed greater strain
reductions than LCP18 (most frequently in DSC3 and DIST-FEMUR). Cells in blue

background, instances where DSAP showed decreased strains in the CSC ROI.

5.3.2 COMPARISONS OF PLATE STRESS BETWEEN HEALTHY AND
OSTEOPOROTIC MODELS
Simulated loads of stair-descent consistently resulted in the highest magnitude of von

Mises stress in the plate across three ADLs in models of each femur. Across different
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specimens, the magnitude of von Mises stress in the plate was affected by both the state of
bone health (healthy or osteoporosis) and by body weight of the specimen (the hip contact
force and muscle forces were calculated as percentage body weight). Between one healthy
femur and one osteoporotic femur with similar body weight (approximately 58 kg), the
osteoporotic model clearly had higher von Mises stress in the plate (in both plating systems,
Fig. 5.4B and D). The peak von Mises stresses (142.2 MPa and 347.4 MPa in the healthy
and osteoporotic femurs, respectively) were below the fatigue strength of stainless steel
(ranged 310 to 448 MPa at 10’ cycles). Construct lengths showed little effect on the peak
stress or stress distribution (data not shown). Weakened muscle forces reduced plate stress
in osteoporotic models, with the peak stress reduced by 14.7% and 25.6% in DSAP and

LCP18 models, respectively (Fig. 5.4B and D).

5.3.3 COMPARISONS OF LOAD TRANSFER AND LOCAL COMPRESSIVE
STIFFNESS BETWEEN HEALTHY AND OSTEOPOROTIC MODELS

Across three simulated ADLSs, a higher magnitude of compressive force was observed
in the bone than the entire bone-implant system in cross-sections 3 through 11, which was
balanced by the tension generated in the plate (Fig. 5.6A). In distal cross-sections 12 to 18,
plates functioned to share the compressive force in the bone-implant system (Fig. 5.6A).
Longer condyle-spanning constructs transferred the compressive force to the lateral
condyle, therefore resulted in decreased compressive force in the distal metaphysis and
diaphysis of implanted femurs as compared with femurs implanted with shorter constructs

(cross-sections 15 through 18 in red boxes, Fig. 5.6B).
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Fig. 5.6. Comparisons of load transfer and local compressive stiffness among two plating
systems and two construct lengths in healthy and osteoporotic femurs. (A) Using a THA
and DSAP-implanted femur model as an example, load transfer was shown for the plate,
the bone and the bone-implant system under simulated loads of stair-descent. (B)
Comparisons of load transfer in bone between models of healthy and osteoporotic femurs
(applying ‘the normal’ and ‘the weakened muscle forces’, respectively) that were
implanted with different plating systems and construct lengths under simulated loads of
stair-descent. Red rectangle, distal cross-sections beyond the length of shorter diaphyseal
plates. (C) Local compressive stiffness (in KN/mm) was compared across models of
osteoporotic femurs (all plating configurations) under loads of stair-descent. (D)
Percentage increases of local compressive stiffness (LCP18 versus LCP14 and DSAP

versus PFP) were compared between healthy and osteoporotic femurs.
105



In healthy femurs, DSAP-implanted femurs consistently carried less compressive force
in distal cross-sections than in LCP18-implanted femurs. Under loads of simulated stair-
descent, 117.8 +26.8% bodyweight of compressive force was carried by DSAP-implanted
femurs in cross-sections 15 through 18, while LCP18-implanted femurs carried 154.4 +
18.0% bodyweight of compressive force (Fig. 5.6B). In osteoporotic models applying ‘the
normal muscle forces’, a similar magnitude of compressive force was transferred through
the distal femur in DSAP and LCP18-implanted models. Applying ‘the weakened muscle
forces’, DSAP-implanted femurs carried 130.7% bodyweight of compressive force through
the distal cross-sections, which was 14.1% less than the LCP18 (Fig. 5.6B).

Compared with the shorter constructs, implantation of the longer condyle-spanning
constructs resulted in increased local compressive stiffness of the bone-implant system in
distal metaphysis and diaphysis in both healthy and osteoporotic femurs (Fig. 5.6C and D).
The greatest increase of local stiffness was consistently observed in segment B, the first
segment below the most distal screw in shorter constructs (Fig. 5.6C and D). A reduction
of local compressive stiffness (over 100%) was observed from segment A to B in models
implanted with the shorter constructs (LCP14 and PFP, Fig. 5.6C). In contrast, models
implanted with the condyle-spanning constructs (LCP18 and DSAP) showed an increase
of local compressive stiffness (approximately 35%) from segment A to B (Fig. 5.6C).

Condyle-spanning constructs resulted in greater increases of local stiffness in
osteoporotic femurs than in healthy femurs (Fig. 5.6C). Especially when applying ‘the
weakened muscle forces’, LCP18 showed a mean increase of 61.3% of local stiffness in

segments A through E in osteoporotic femurs as compared with 56.5% in healthy femurs.
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Similarly, the DSAP models showed a mean increase of 82.1% of local stiffness in

osteoporotic femurs compared with 61.9% in healthy femurs (Fig. 5.6C).

5.4 DISCUSSION

Applying ‘the normal muscle forces’, a higher magnitude of bone strains was observed
in plate-implanted osteoporotic femurs than in healthy femurs (approximately 21.9%
higher), while plates experienced higher stresses (up to 144.3% higher in peak von Mises
stress). Compared with the shorter constructs (LCP14 and PFP), the longer condyle-
spanning constructs (LCP18 and DSAP) reduced bone strains in both healthy and
osteoporotic femurs in the distal metaphysis and diaphysis under loads of three simulated
common ADLs. When forces in hip abductors and knee extensors were weakened in
osteoporotic femurs, condyle-spanning constructs achieved greater strain reductions
(approximately 5% more in DSC3 and DIST-FEMUR for both DSAP versus PFP and
LCP18 versus LCP14) as compared with the osteoporotic models applying ‘the normal
muscle forces’. The reduced strain via condyle-spanning constructs may be the combined
effect of the reduced compressive force and increased local stiffness in the distal femur.

In the current study, FE models of healthy femurs predicted a peak maximum principal
strain of approximately 1500 pe and a peak minimum principal strain of around -2500 pe
under gait-loading, which were comparable to the literature reported values (Speirs et al.,
2007a; Taylor et al., 1996). The osteoporotic models showed higher bone strains, which
agreed with the clinically reported increased incidences of PFF or other femoral fractures

in patients with osteoporosis (Karachalios et al., 2020; Sidler-Maier and Waddell, 2015).
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Similar to the previously reported strain reductions in healthy femurs (Chen et al., 2022a),
both condyle-spanning constructs reduced bone strains around the most distal screw of the
shorter constructs and in the distal metaphysis in osteoporotic femurs, where secondary
femoral refractures are typically reported (Lindahl et al., 2006; Randelli et al., 2018).
Clinically, longer condyle-spanning constructs have been hypothesized to mitigate stress
concentration in the distal femoral diaphysis (Bryant et al., 2009; Moloney et al., 2014).
Through transferring load to the lateral condyle, longer condyle-spanning constructs
carried up to 35% compressive force of the bone-implant system (the DSAP construct) in
distal cross-sections, therefore lowering the resultant compressive force in the distal
diaphysis and metaphysis of implanted femurs. Together with the increased local
compressive stiffness (an 82.1% increase in DSAP implanted osteoporotic femurs) in the
distal femur, strains in the DSC3 and DIST-FEMUR were thereby reduced.

Though the DSAP construct was shown to transfer more compressive load than LCP18
in distal cross-sections (beyond the lengths of shorter plates), DSAP minimally increased
strains in the lateral condyle as compared with LCP18 implanted femurs (both the healthy
and osteoporotic femurs). Especially under loads of gait and stair-descent, DSAP was
shown to consistently reduce bone strains in the lateral condyle in osteoporotic femurs
(especially when applying ‘the weakened muscles forces’) as compared with the PFP
construct. Compared with the single condylar screw in the LCP18 construct, 4 condylar
screws in DSAP enabled distribution of the force over a larger volume of bone, thereby

mitigating the impact of concentrated load transfer.
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The FE model predicted plate stress in healthy femurs was comparable to the magnitude
reported by other investigators (the range of peak von Mises stress of between 200 to 300
MPa) (Leonidou et al., 2015; Pletka et al., 2011). Though the plate stress was higher in
osteoporotic femurs, the magnitude was below the fatigue strength (450 MPa at 2 < 106
cycles, corresponding to approximately five years of normal walking) (ASTM F138-13a,
2013).

Simulations of osteoporosis-related weakening of hip abductors and knee extensors
allowed evaluations of the impact of varied muscle loading on the mechanics of plate-
implanted osteoporotic femurs. By reducing the major hip abductors and knee extensors to
70% of their healthy capacities in osteoporotic models (Sinaki et al., 2005), the peak plate
stress and mean bone strains in ROIls were lowered. Applying ‘the weakened muscle
forces’, condyle-spanning constructs reduced the amount of compressive force in the distal
femur and resulted in greater increases in local compressive stiffness as compared with the
osteoporotic models applying ‘the normal muscle forces’. The combined effect of reduced
compressive force and increased local compressive stiffness may be associated with the
greater strain reductions in models with weakened muscles.

Several limitations regarding the methodology used in the current study need to be noted.
Given the experimentally observed lack of relative displacement, fully-bonded contact was
modeled at bone-screw and bone-stem interfaces (Chen et al., 2022a). Though the fully-
bonded bone-screw interface effectively simulated the lack of motion between bone and
screws during mechanical testing, future investigations will consider the effect of contact

definition on the interfacial micromotion and load transfer between bone and screws.
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Similarly, considering sliding contact between bone and stem could enable the simulation
of an unstable stem as in the Vancouver type B2 fractures (Abdel et al., 2016; Duncan and
Haddad, 2014). Future studies should consider both the experimental and the
computational means to simulate and validate FE models of the unstable THA stem. This
study simulated the combined weakening of hip abductors and knee extensors in
osteoporotic femurs by reducing the forces in glutei and vastus muscles, which did not
account for changes in kinematics that are associated with Trendelenburg gait. The re-
adjustment of hip contact force and forces of other major muscles partially accounted for
the changes in resultant force and moment in osteoporotic femurs as the result of the
weakening of hip abductors and knee extensors. However, future studies should account
for kinematics changes to better simulate the physiological loading environment in plate-

implanted osteoporotic femurs.

5.5 CONCLUSION

The results of the current study showed the mechanical efficacy of using longer condyle-
spanning plates in osteoporotic femurs to mitigate elevated strains in the distal femur when
using shorter constructs. Between the two condyle-spanning constructs, the DSAP
construct achieved higher percentages of strain reduction as compared with LCP18, while
condylar fixation using multiple screws in DSAP avoided the potential bone strain
concentration in the lateral condyle caused by the more distally transferred compressive
forces. The combined experimental and computational methodology can be developed as

the basis for a preclinical assessment of the fixation mechanics of femoral implants.
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CHAPTER SIX. SUMMARY AND FUTURE DIRECTIONS

6.1 A BRIEF SUMMARY OF CURRENT UNDERSTANDINGS

The coupled musculoskeletal and FE model has been proved to be useful and effective
tools for the simulation of the physiological strain state of the bone and the stress of the
plate under loads of common ADLs (Chen et al., 2022b, 2022a, 2021). Coupled
musculoskeletal and FE models were utilized throughout the studies of this thesis, while
the results of those models were able to shed light on the mechanisms of the pathogenesis
of PFFs and the risks of complications after the plate-screw fixation for a Vancouver type
B1 PFF (Chen et al., 2022b, 2022a, 2021). The coupled models were also successfully
utilized to evaluate and compare the fixation mechanics of different plating systems and
different construct lengths in both healthy and osteoporotic femurs (Chen et al., 2022a).
Through simulating physiological loads of three common ADLs, the condyle-spanning
constructs of two plating systems were both able to reduce bone strains around the most
distal diaphyseal screw and in the distal metaphysis as compared with their corresponding
shorter diaphyseal constructs (Chen et al., 2022a). The model estimated strain reduction
agreed with the clinically reported mitigated risks of femoral refractures distal to the shorter
diaphyseal plate via condyle-spanning construct (Bryant et al., 2009; Moloney et al., 2014).
Strain reduction was associated with the combined effect of decreased resultant force in
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the bone and the increased local stiffness of the bone-implant system (Chen et al., 2022a).
The coupled musculoskeletal and FE model was an efficient tool for the simulation of
physiological ADL loads, however, it is inherently difficult to be validated due to the
difficulty in recreating the complex muscle loads experimentally. As described previously,
mechanical tests applying simplified loads were typically utilized in previous studies to
assess the mechanics of THA and/or plate implanted femurs (Choi et al., 2010; Lenz et al.,
2016b, 2016a; Lever et al., 2010; Moazen et al., 2014, 2013). Due to different study
objectives, there is a lack of consensus on how the THA and/or plate-implanted femurs
should be tested (Moazen et al., 2014; Wang et al., 2019). Nonetheless, evidence is lacking
to show that the mechanical tests used in previous studies may accurately represent the
physiological stress/strain state of the bone and/or the implant.

In this dissertation, based on the simulated femoral strains and plate stress under
physiological muscle loads, several new mechanical tests were developed that were able to
match the simulated strain/stress state of the bone-implant system under ADL-loading
(Chen et al., 2022b, 2021). Those new mechanical tests were developed using an FE
integrated optimization approach that uses the stress/strain state of the bone or the plate as
the optimization objective (Chen et al., 2022b, 2021). The optimization approach was able
to identify the key testing parameters that were essential for matching the strain/stress of
the bone and/or the implant. Meanwhile, the fidelity of those simplified tests was
demonstrated by achieving good agreement with the bone remodeling stimuli as compared
with ADL-loading models and other clinical and modeling studies (Chapter Two), as well

as by matching the stress state of the plate in ADL-loading models (Chapter Three). The
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newly-developed axial compression test was further used in studies of this thesis (Chapters
Four and Five) for the validation of THA and plate-implanted femur models (Chen et al.,
2022a), where models of both the healthy and the osteoporotic femurs were shown to
achieve good agreement with the experimentally measured bone and/or implant
displacement. This newly-developed combined modeling and testing framework could be
used as a pre-clinical platform for future evaluation and development of orthopedic fixation

devices or implants.

6.2 CURRENT LIMITATIONS AND FUTURE DIRECTIONS

Throughout the studies in this thesis, several limitations have constrained the scope of
this thesis, especially the limitations in the methodologies used in those studies. Such
limitations include the contact definition of the bone-stem and the bone-screw interfaces,
and the validation of FE models using the displacement of the femur and the plate.
Meanwhile, studies in different chapters of this thesis have modeled both the healthy and
the osteoporotic femurs, as well as different types of THA stems. However, previous
chapters have not evaluated the risks of PFFs in osteoporotic femurs, nor did previous
chapters compare the differences in mechanics between two different THA stems. Hence,
the following sections will provide additional information on how the limitations may
affect the scope of this thesis. Directions for future investigations were also proposed to

address clinical and scientific questions regarding the mechanics of PFF fixation.
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6.2.1 ANALYSES OF RISKS OF PFF IN OSTEOPOROTIC FEMURS

Studies in this thesis utilized the coupled musculoskeletal and FE model to estimate the
strain state in implanted femurs under simulated loads of common ADLSs. Chapter two has
shown that the coupled musculoskeletal and FE model applying appropriately distributed
muscle forces were able to agree with the radiographically measured and previous
modeling study predicted bone remodeling stimuli (Fig. 2.2 in Chapter Two). Meanwhile,
loads of common ADLSs, especially the more demanding stair-descent may result in higher
than fatigue level strains in bone elements adjacent to the tip of the implanted THA stem
(Fig. 2.3 in Chapter Two).

Across the studies in this thesis, two different THA femoral components were modeled.
The SUMMIT stem was modeled in studies described in Chapters Two and Three, while
the CORAIL stem was used in Chapters Four and Five (Fig. 6.1A). Additionally, Chapter
Five investigated the impact of bone health on the fixation mechanics of the plate-screw
construct and showed that models of osteoporotic femurs resulted in a higher magnitude of
strains as compared with healthy femurs (Fig. 5.4 and 5.5 in Chapter 5). However, given
the scope of studies described in previous chapters, risks of PFFs were not evaluated in
osteoporotic femurs.

According to previously described results and new additional simulations, risks of PFFs
may be affected by different THA femoral components and the state of bone health (Fig.
6.1). Under simulated loads of stair-descent, the healthy femur hardly had bone elements
exceeding the fatigue threshold of 2500 pe, different femoral component clearly resulted

in different distributions of maximum principal strain in the proximal and the middle
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femoral shaft (Fig. 6.1A). The CORAIL stem resulted in a concentrated strain more
proximally than the SUMMIT stem, which showed a higher maximum principal strain

toward the middle of the femoral shaft (adjacent to the tip of the stem, Fig. 6.1A).
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Fig. 6.1. Comparisons of maximum principal strain between a healthy femur and an
osteoporotic femur that were implanted with two different THA femoral components
(CORAIL and SUMMIT) under simulated loads of stair-descent. (A) Maximum principal
strain of a healthy femur that were implanted with two different THA femoral components.
(B) Maximum principal strain of an osteoporotic femur that were implanted with two
different THA femoral components. Note that possible fatigue regions were identified as
concentrated bone elements that showed beyond fatigue level maximum principal strain (>
2500 pe). Regions in dashed ellipsoids were the location where the force of gluteus medius
was applied. Due to the high magnitude of gluteus medius force (>120% bodyweight),

regions in ellipsoids showed concentrated high maximum principal strain.
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Models of CORAIL and SUMMIT implanted osteoporotic femur clearly showed higher
maximum principal strain compared with the healthy femur (Fig. 6.1B). Models of the
osteoporotic femur (in both CORAIL and SUMMIT implanted models) clearly showed a
fatigue region (concentrated bone elements showing beyond 2500 pe maximum principal
strain) in the posterior aspect of the distal femoral shaft, which is indicative of fatigue/stress
fracture at the location (Fig. 6.1B). The SUMMIT-implanted osteoporotic femur also
showed a higher maximum principal strain in the middle femoral shaft compared with the
CORAIL-implanted osteoporotic femur, the location is adjacent to the underlying tip of the
stem (Fig. 6.1B).

The concentrated maximum principal strain in the posterior aspect of the distal femoral
shaft was indicative of the risk of a Vancouver type C fracture (Fig. 1.1). Both the CORAIL
and the SUMMIT stems were shown to result in the concentrated strain in the distal shaft
of the osteoporotic femur, while the healthy femur did not show elevated strain in the same
region (Fig. 6.1). As previously described in Chapter Two, the concentration of maximum
principal strain in the middle femoral shaft may indicate an increased risk of the VVancouver
type B PFF (Fig. 1.1). Both the SUMMIT-implanted healthy and osteoporotic femurs
showed an elevated strain in the middle femoral shaft as compared with the CORAIL
models, which may indicate elevated risks of the Vancouver type B PFF (Fig. 6.1).

The state of bone health and different types of THA stems may affect the risks and the
types of Vancouver PFFs. Future studies may investigate more types of THA stem while
evaluating the state of bone health to further the understanding of the mechanical

pathogenesis of different Vancouver PFFs.
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6.2.2 EFFECT OF CONTACT MODELING OF BONE-STEM INTERFACE ON
PERIPROSTHETIC FEMORAL STRAINS

The studies throughout this thesis modeled both the bone-stem and the bone-screw
interfaces as fully-bonded. Thereby, FE models in those studies were only able to simulate
a well-fixed THA stem and the Vancouver type B1 PFF. However, the more prevalent
Vancouver type B2 PFF requires the simulation of a loosened THA stem. Studies in this
thesis could not investigate the mechanical mechanism underlying the pathogenesis of a
type B2 PFF, nor the fixation mechanics with a loosened THA stem. Meanwhile, other
investigators have shown that the fully-bonded bone-screw interface may over-estimate
bone strains around the screws in the near cortex, while under-estimating bone strains in
the far cortex. However, due to the lack of information in both modeling data and
experimental measurements of bone strains around fixation screws, a consensus is lacking
on how to appropriately represent the bone-screw interface.

Across studies in this thesis, the bone-stem interface and the bone-screw interface have
been modeled as fully-bonded. Experimental tests in this thesis have shown a lack of
relative motion of the THA stem, as well as the plate against the implanted femur, thereby
the fully-bonded interfaces were deemed appropriate for current investigations. However,
without a sliding-contact definition, the studies in this thesis were not able to simulate or
investigate how a loosened stem may affect the risks of PFFs, nor the mechanics of the
Vancouver type B2 and B3 PFFs, especially that type B2 PFF was the most prevalent PFF

in all PFF cases (Abdel et al., 2016).

117



2000 7300 H
61001

4900

S| 1500

| 1000

(w/wm an)

B
E
£}

3700

urens [ediund wnwixep

CORAIL SUMMIT 2500
Frictional Frictional "

\ - F :
g
» - E
t' | l 6100
4900 | &
58
3700 | 2

CORAIL SUMMIT 25
Fully-bonded  Fully-bonded “~

0

CORAIL SUMMIT CORAIL SUMMIT
Fully-bonded  Fully-bonded Frictional Frictional

Fig. 6.2. Comparisons of maximum principal strain in a THA-implanted osteoporotic
femur among two THA femoral components and two different contact definitions at the
bone-stem interface. (A) Comparisons of maximum principal strain in a THA implanted
osteoporotic femur between two THA components using fully-bonded bone-stem interface.
(B) Comparisons of maximum principal strain at the fully-bonded bone-stem interface. (C)
Comparisons of maximum principal strain in a THA-implanted osteoporotic femur
between two THA components using sliding-contact bone-stem interface. (D)
Comparisons of maximum principal strain at the sliding-contact bone-stem interface. Note
that (B) and (D) used a larger-scaled strain legend to show bone elements that had
maximum principal strain higher than the 2500 pe fatigue threshold, while bone elements

higher than the 7300 pe yield threshold were shown in red.

As a preliminary investigation into the effect of contact definition on periprosthetic
femoral strains, the sliding-contact was simulated for the bone-stem interface and
compared with the fully-bonded interface. Using a THA-implanted osteoporotic femur as
an example, a frictional contact (with a friction coefficient of 0.7) was modeled for the

bone-stem interface. The modeled femur was one of the osteoporotic specimens in Chapter
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Two, which had a DXA T-score of -2.6. Though the femur was implanted with the
CORAIL stem previously, a SUMMIT stem was also implanted into the femur to compare
the periprosthetic strain. The location of the femoral head was maintained the same in the
SUMMIT-implanted model as in the CORAIL-implanted model. The orientation of the
SUMMIT stem mimicked the CORAIL stems by maintaining the position of the taper.

Under simulated loads of stair-descent, models with frictional bone-stem interface
showed a higher periprosthetic strain in the proximal femur than models with fully-bonded
bone-stem interface (Fig. 6.2). Few bone elements exceeded the fatigue threshold of 2500
ue of maximum principal strain at the fully-bonded bone-stem interface (Fig. 6.2B). In
contrast, the frictional contact models clearly showed much more bone elements at the
bone-stem interface beyond the fatigue threshold in maximum principal strain (Fig. 6.2D).
Compared with the CORAIL-implanted frictional contact models, the SUMMIT-implanted
models showed more bone elements exceeding the fatigue threshold at the bone-stem (Fig.
6.2D) interface, as well as in the proximal femur (Fig. 6.2C). In addition, some
periprosthetic elements in the SUMMIT-implanted model had a maximum principal strain
even higher than the yield threshold of 7300 pe (Fig. 6.2D).

The concentrated bone elements exceeding the fatigue threshold at the bone-stem
interface are indicative of elevated risks of fatigue/stress fractures at the location (Morgan
et al., 2018). Especially in osteoporotic femurs, the results may indicate elevated risks of
type A fractures (Fig. 1.1 in Chapter One). The frictional contact was shown to mainly
affect the magnitude and distribution of maximum principal strain in bony elements

surrounding the implanted stem (Fig. 6.2). The frictional contact did not affect the
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concentrated maximum principal strain in the posterior aspect of the distal femur (Fig. 6.2)

as described in the previous section (Section 6.2.1).
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Fig. 6.3. Comparisons of maximum principal strain (A) and minimum principal strain (B)
between two different bone-stem contact definitions in a THA (the CORAIL stem) and
DSAP implanted osteoporotic femur. Regions in dashed rectangles indicated regions in the
proximal femur that experienced concentrated high strains in the frictional-contact model.
Regions in dashed ellipsoids were locations of bone strain ROIs that were used in previous
chapters for the comparison of bone strains between different plating systems and construct

lengths.

When the bone-stem frictional contact was modeled in a THA and plate-implanted
osteoporotic model, the frictional contact was shown to mainly result in elevated maximum
and minimum principal strains in the proximal femur in bone elements adjacent to the

implanted stem (Fig. 6.3). Similar to the THA-implanted osteoporotic model (Fig. 6.1 and
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6.2), the bone-stem frictional contact did not affect the possible fatigue region in the distal
femur (Fig. 6.3). In addition, the bone-stem friction contact showed little effect on the
magnitude of maximum (Fig. 6.3A) and minimum principal strains (Fig. 6.3A) in the bone
strain ROIs around the distal fixation screws.

Given the number of bone elements experiencing fatigue level periprosthetic strains,
future studies should consider modeling the plastic deformation of bone elements in
periprosthetic bone, especially in osteoporotic femurs. By considering the plastic behavior
of bone elements, future studies would be able to simulate the behavior of a loosened stem
to investigate the mechanics of Vancouver type B2 and B3 PFFs. Similarly, future studies
should evaluate the effect of contact definition at the bone-screw interface, thereby further

investigating the mechanisms of screw loosening.

6.2.3 FUTURE DIRECTIONS FOR MODEL VALIDATION

The results of this thesis showed that validation of THA and plate-implanted femur FE
models using the displacement profile of bone and the plate were able to distinguish the
mechanical behavior of different specimens and different implanted conditions. Especially
specimen-specific models were shown to be able to distinguish different femur geometries
and material distribution in the bone. Good agreement in displacement between model
predictions and experimental measurements was associated with the accurate replication
of the in situ implanted positions of the THA stem and the plate, as well as the appropriately

modeled material distribution in the femur.
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Studies in this thesis used digitized geometries as references (obtained either using an
optical motion capture system as described in Chapters Two and Three, or a 3D scanner as
in Chapters Four and Five), and applied a point-cloud-based algorithm in matlab, models
of the THA and plate implanted femurs were able to accurately match the in situ implanted
positions of the THA stem and the plate. Especially, geometries obtained from the 3D
scanner were shown to achieve a closer match with the geometries in FE models. In
addition, all the specimens used in this thesis were CT scanned with a density phantom,
which enabled the calculation of specimen-specific Hounsfield unit to bone mineral density
conversion for each femur model. This specimen-specific conversion was shown to well
represent the nonhomogeneous distribution of Young’s moduli in each tested and modeled
cadaveric femur, thereby achieving good agreement in displacement profiles.

The displacement profiles of the bone and the plate were measurements that
characterized the deformation of the entire bone-implant system. By matching the
deformation behavior of the entire bone-implant system, FE models showed a high gradient
of bone strains in small surface regions around the implanted fixation screws. Due to the
large field of view that was required to measure the displacement of the entire anterolateral
surface of the femur and the full length of the plate, experimental tests in this thesis could
not capture changes in surface strains in small surface areas around fixation screws. In
addition, screws were physically covered by the plate once implanted in the femur, it was
difficult to establish good views of the bone surface around screws using the DIC system.

To enable the direct experimental validation of bone strains, future studies should

consider either performing DIC measurements in a smaller field of view to record surface
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strain in the high gradient region around the screws, or utilizing other testing devices, such
as surface strain gauges to measure bone strains around the screws. The direct measurement
of bone strains around fixation screws could provide more detailed information on the
strains in those high gradient regions, thereby better facilitating the investigation into
contact definition at the bone-screw interface as described in section 6.2.2.

Future studies may also consider using cyclic loads to measure the relative displacement
between bone and plate, as well as between bone and screws over time. Screw loosening
has been reported to initiate due to fatigue level strains and micro-damages to the bone
while progressing over a long period of cyclic loading as a result of repetitive common
daily activities (Feng et al., 2019; Sugiura et al., 2000). Therefore, the measurement of
bone-screw and bone-plate displacement over time may provide information not only on
the level of interfacial strains that may initiate bone damage, but also on the elastic-plastic
behavior, and even the viscoelasticity of the bone-screw interface. Those measurements
can be used to further improve the strategies in contact modeling and material modeling of

the femur-THA-plate system.
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