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Abstract

Background:

Hip fractures are common and cause significant morbidity and mortality and
a substantial economic burden. Breakage of intra-medullary nails used in
treating these fractures is rare and poorly understood. Little is known about
usage and breakage patterns of these implants and implant manufacturers are
regularly modifying designs, alloys and indication profiles. After a series of
observed breakages with a relatively new implant (TFNA, DePuy Synthes,
Oberdorf, Switzerland) in Western Australia, we investigated 3 commonly
used proximal femoral nails. Outcomes and key clinical messages are

detailed.

Methods:

Implant manufacturers were contacted in conjunction with a literature review
to analyse modern proximal femoral nail design features and metallurgical
modifications. Through multi-site collaboration, the data for Synthes nails use
was collected across all public tertiary hospital trauma sites in our state over
an 18 year period (2001 — 2018). This was supplemented by a clinical,

radiographic and laboratory analysis of cases of TFNA breakage.
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Results:

Proximal femoral nails are implants with significant design and metallurgy
complexities that have evolved significantly in recent times. Local usage rates
of proximal femoral nails, in particular short nails, have had steady
incremental increases over the last 2 decades. In our cohort of TFNA
breakages, patients were of normal BMI, aged 70-90 years and overall had a
good reduction of what were mostly unstable fracture patterns. Implant
analysis after retrieval demonstrated unique fracture characteristics not

previously described.

Discussion:

This thesis explores the more recent history of nail development and regional
usage patterns. A range of recent failures are assessed from both clinical and
laboratory perspectives. This infomation should increase the level of
awareness of the international orthopaedic community with regards to the
features and mode of breakage of this novel TFNA implant. It highlights how
changes to the nail design and/or alloy may have contributed to this series of
observed breakages. We advise vigilant clinical and radiological surveillance
of patients with unstable hip fracture patterns who undergo osteosynthesis
with a TFNA. We recommend against considering revision of a broken TFNA
to another TFNA implant, as this appears to have a higher than acceptable

rate of re-breakage.
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1. Introduction

This study examines the breakage of proximal femoral nails used for
osteosynthesis of hip fractures, after a series of implant breakages were
observed at the orthopaedic trauma units in Western Australia. This study was
initiated to better understand the breakages on a scientific basis and
investigate the patient and surgical characteristics of these cases to ascertain

possible causes for failure.

1.1. Study Context

To understand the strengths, weaknesses and conduct of this state-based study
it is important to understand the context of the study location. A summary of
the geography, healthcare system and implant retrieval system of the state of

Western Australia is described below.

1.1.1. Waestern Australian Healthcare

Western Australia (WA) is a state covering a third of Australia’s landmass
with a population of 2.5 million in 2018.! The capital city Perth lies on the
southwest coast of the state (Figure 1.1), and contains approximately 80% of

the state’s population (2.1 million) in the greater metropolitan area.
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Figure 1.1 Map of Australia

Location of Western Australia and its capital city Perth. Source: WorldAtlas.com.?

The 3 major public hospitals providing orthopaedic trauma care prior to 2015
were Royal Perth Hospital (RPH), Sir Charles Gairdner Hospital (SCGH) and
Fremantle Hospital and Health Service (FHHS). In early 2015 the newly
established Fiona Stanley Hospital (FSH) officially opened and the trauma
service from FHHS moved there, and FHHS became an elective orthopaedic
unit. The 2 combined units were thereafter referred to as the Fiona Stanley
Fremantle Hospitals Group (FSFHG). This is of importance in understanding
the numbers — effectively ignoring the transition of work from FHHS to FSH,

the data will be considered as three separate units with FSFHG representing



an amalgamation of FHHS and FSH data. The vast majority of hip fractures

in Western Australia are treated at these 3 sites.

The geographical isolation of WA from other states, in particular the
population concentration in the city of Perth, which is far from neighbouring
capital cities, results in an ideal population for cohort studies and data
collection. The population is relatively immobile, particularly in the age
group of hip fracture patients. From a software and healthcare perspective,
the patient Unique Medical Record Number (UMRN) is the same at all public
institutions. The medical imaging archiving systems and many healthcare
software packages are uniform throughout the state and thus searching for a
patient by UMRN effectively yields their imaging results from across the
state. There is also a palpable culture of collegiality and ‘small town feel’ in
Perth that means the orthopaedic units are closely linked, surgeons frequently
communicate between each other on both a personal and professional level

and interdepartmental research is practical and encouraged.

1.1.2. Implant Retrieval Centre (CITRA)

Explanted orthopaedic devices from all hospitals in WA are submitted for
analysis in a central, government funded institution called the Centre for
Implant Technology and Retrieval Analysis (CITRA). Based at the Medical
Engineering and Physics Department of Royal Perth Hospital, implants are
collected, analysed and reported on. The centre currently has more than

10,000 retrieved prostheses in storage. Although retrieval analysis is not



mandatory all public hospitals actively participate and there is a strong local
culture of sending broken implants (excluding smaller devices such as screw
breakages) to the lab, primarily nails in trauma; and hip and knee

replacements in arthroplasty.

1.2. Hip Fractures

1.2.1. Burden of Disease

Hip fractures are common, present significant morbidity for patients and are
associated with a high economic burden. The overall healthcare costs per
patient are approximately US$44,000 in the first 12 months following
fracture, with an annual burden of nearly US$17 billion in the USA.? The

number of fractures and their associated cost is anticipated to rise.*

Across Australia and New Zealand alone more than 25,000 people suffer a
broken hip on an annual basis. The average age is 82, and these typically
occur in a frail population.” The majority of patients are previously
independently living with 72% of Australian hip fracture patients in 2019
presenting from home.> Not only is this a common problem but it also is a
significant cause of morbidity and disability and many patients do not return
to independent living. This further increases the associated costs of hip

fractures to the greater community.



1.2.2. Fracture Configurations

Fracture configuration is an important consideration when understanding hip
fractures and the surgical options for treatment. Fractures that result in a
compromise to the blood supply of the femoral head place the femoral head
at risk of avascular necrosis (AVN).® Many of these patterns of fractures,

particularly in the elderly, are treated with some form of joint replacement.

The focus of this paper is intramedullary nails, which are used to treat hip
fractures where the femoral head at low risk of AVN. These include

trochanteric and subtrochanteric fractures as illustrated in Figure 1.2.

. Femoral neck fracture

. Trochantic fracture
. Subtrochanteric fracture

Figure 1.2 Zones of Hip Fracture

Figure outlining the anatomical areas of hip fractures which is relevant for operative
decision making. Source: ANZHFR Annual Report 2019.°

In Australia over the past 4 years approximately 55% of fractures recorded in
the Australian and New Zealand Hip Fracture Registry (ANZHFR) were

extra-capsular fractures where fixation is the most common treatment, being



either per- or inter-trochanteric (‘trochanteric’) fractures and subtrochanteric
fractures.’ The implants utilised for osteosynthesis must not only ensure the
security of the fixation construct, but be easy to use and cost-effective given

the high community prevalence of hip fractures.

1.2.3. Treatment Options

1.2.3.1. Non-operative Management

Less than 5% of Australian patients with a hip fracture are treated without
surgery.® This is due to the significant pain that is caused by an untreated hip
fracture which typically warrants operative intervention on its own, including
patients who minimally ambulate. Non-operative management is typically
considered either in patients so unwell that their life expectancy is estimated
at only a few days and are palliated without surgery, or rarely in those whom
a stable form of fracture has occurred, and the patient has already been
ambulant without displacement. In the latter case patients may undergo

weightbearing restrictions and regular clinical and radiographic surveillance.

1.2.3.2. Internal Fixation

In fracture patterns where the blood supply to the femoral head is preserved,
the aim is to stabilise the fracture and allow it to heal.” Fixation is usually
performed with either a nail (intramedullary rod fixation device) or
plate/sliding screw combination (dynamic or sliding hip screw). An

illustrated example of the two fixation methods is seen in Figure 1.3.



Figure 1.3  Nail and DHS

An intramedullary nail ‘a’ and a sliding hip screw (Dynamic Hip Screw (DHS)), ‘b’
is shown. Source: Kukla et. al.®

Adams et. al. in a prospective randomised controlled trial of intramedullary
nail versus DHS in 400 UK patients did not find a significant difference in
terms of re-operation rate.” Other studies have demonstrated some
improvements with intramedullary nailing compared to open reduction and
internal fixation such as reducing the size of the surgical incisions, post-

operative wound infection rates and earlier patient mobilisation.!®!!

1.2.3.3. Arthroplasty

The standard of care for displaced subcapital femoral neck fractures in the
elderly is with joint replacement, either a hemiarthroplasty (femoral head
replaced only) or total hip replacement (THR; femoral head and acetabulum)
1213 These are very occasionally employed in patients with trochanteric

fractures either due to severe pre-existing osteoarthritis of the hip or in other



cases due to bone loss or severe osteoporosis.'*!¢ An example of both forms

of treatment is shown below in Figure 1.4.

Hemiprosthesis Total hip

Figure 1.4 THR and Hemiarthroplasty

A half hip replacement (hemi arthroplasty) and total hip replacement is depicted.
Source: AO Foundation Surgical Reference.'’

1.3. Intramedullary Nails

Intramedullary nails, or simply nails as they are commonly referred to, have
been used in orthopaedics for decades. This section will cover the history of
nails, the relevant biomechanics of their design, usage patterns and conclude

with some basic science regarding the metallurgy and material properties of

nails.



1.3.1. A History of Nails

1.3.1.1. Kiintscher and Pohl

Although attempts at intramedullary nailing have been documented as far
back as the 16™ century, it wasn’t until relatively recently that pioneering of
the field became successful.'® Two names quintessential in any discussion on
the topic of nails are Gerhard Kiintscher and Ernst Pohl (Figure 1.5).!%2° The
first nail was developed by Kiintscher and manufactured in Kiel, Germany by
Pohl who was a metallurgic engineer and inventor who collaborated with
Kiintscher. The first implantation was said to be in a shipyard worker who
suffered a femoral shaft fracture falling off a dock, making history when the

first ‘K-nail’ was used in November 1939.1°

Figure 1.5 Gerhard Kiintschner & Ernst Pohl

Pictures of Gerhard Kiintschner (left) and Ernst Pohl (right). Sources: Bartoni¢ek

and www .kuentschersociety.org.?**!



Kiintscher, in his original 1940 paper, detailed how intramedullary fixation
boasted the significant advantages of lower infection rates (as the incision
was remote to the fracture site and associated haematoma), improved healing,
less cardiovascular compromise, fewer decubitus ulcers from immobility,
traction or plaster and improved functional recovery.?? Kiintscher’s seminal
paper was later translated from German into English in 1968.23 Prior to this
innovation suffering a femoral shaft fracture meant an average of 2 months
of in-hospital bed rest in a combination of plaster and traction.?* In the early
20™ century complications such as infection were so feared and often lethal
that the renowned English surgeon and author Ernest William Hey Groves
earnt the nickname “Septic Ernie” due to his early attempts with
intramedullary nails.?* Kiintscher responded to initial concerns regarding
damage to endosteal blood supply stating that its role is minimal compared to

the large periosteal callus that is primarily responsible for bone healing.??

The intramedullary nailing method for stabilising femoral fractures became
more popular subsequent to the ensuing World War 1l where Gerhard and
other Finnish surgeons with whom he worked implanted nails, and surgeons
in other countries cared for returned veterans discovering such ‘daring’
devices had been implanted when injured in duty.'® Interest in nailing
progressed further after the publication in Time magazine on March 12, 1945

called “The Amazing Thighbone” depicting radiographs of a returned soldier
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(Figure 1.6) that still questioned the validity of nailing — “Ingenious.

Satisfactory?”

Roo 1v FEMUR (TWO VIEWS)
Ingenions. Satisfactory!

Figure 1.6 The Amazing Thighbone

Radiographs included in the post-war article that spread word of intramedullary
nailing. Source: Time Magazine.**

The story of Ernst Pohl is interesting in itself, in that he and Kiintscher
subsequently had a falling out after his former secretary started a separate
company (Ortopedia) who produced similar nails and gave royalties only to
Kiintscher rather than Pohl.?> Pohl’s company, known as Ernst Pohl, Kiel,
was bought by Austenal after his death in the 1960s. Austenal became

Howmedica in the 1970s, and was acquired by Stryker in 1998.2%-26

There were 2 designs between the Kiintscher nail and modern nails over the

following 40 years that came and went without significant uptake
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internationally. Kiintscher used Ernst Pohl’s Y-nail in the 1940s in Europe
and in the United States Robert E. Zickel introduced a similar design in 1967

(Figure 1.7).20.27

1%

i

Figure 1.7  Y-Nail and Zickel Nail
Y-Nail developed by Pohl (left) and the Zickel Nail by Robert Zickel (right).

Sources: Bartoni¢ek and Pierach.?%**

It was in fact the Y-nail that saw the introduction of dedicated external jigs
that facilitated cross locking of implants internally through percutaneous
incisions (Figure 1.8).2° Interestingly Pohl’s other designs from the 1950s
bear a remarkable resemblance even to newly developed implants such as the

DePuy Synthes FNS (Femoral Neck System) (Figure 1.9).
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Figure 1.8  Y-Nail Insertion Instrumentation

Jigs designed for the Y-Nail by Ernst Pohl to allow percutaneous cross locking of
implants. Source: Bartoni¢ek.*

Figure 1.9  Pohl’s Conjoined Double Screws

Resemblance of the DePuy Synthes FNS™ with Pohl’s earlier designs of the
‘Conjoined Double Screws’ device. Sources: Bartoni¢ek and Johnson &

Johnson.?%8
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1.3.1.2. Modern Nails

It wasn’t until the 1980’s that a nail designed for proximal femur fractures
started to gain traction and widespread use. Simultaneously in 2 separate
clinics Drs. Grosse, Kempf and Taglang at the Strasbourg Centre de
Traumatologie et de 1’Orthopedie (CTO) in France and Drs. Halder and Gill
at Halifax in the United Kingdom developed the Standard Gamma Nail
(SGN), launched in 1988 by Howmedica.'” The long nail version, the Long
Gamma Nail (LGN) was released in 1993. In 1997, nine years after the SGN
was released, saw the second iteration released known as the Trochanteric
Gamma Nail (TGN). This was followed by a titanium alloy version in 2001
called Gamma Ti and the Gamma nail that is currently in use, the Stryker
Gamma 3 (G3N), in 2004.%° Currently the G3N is manufactured and sold by
Stryker Trauma, following the aforementioned acquisition of Howmedica-

Osteonics in 1998, who produced the original Standard Gamma Nail.

From the 1990s, the peak body for the study of internal fracture fixation
‘Arbeitsgemeinschaft fiir Osteosynthesefragen’ (AO, translated from German
as Association for the Study of Internal Fixation) began developing proximal
femoral nails. The AO is a not-for-profit organisation and surgeon network
that aims to improve knowledge through education and practice through
innovation.*° Synthes was created in 1960 as the trademark and financial body
affiliated with the non-profit AO to manufacture and sell orthopaedic
implants and formally purchased all remaining branding and intellectual

property from AO in 2006. In 2012 the Johnson & Johnson (J&J) Medical
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Devices umbrella acquired Synthes for US$19.7 billion merging it with
DePuy which J&J had acquired in 1998. From then on the orthopaedic arm

of J&J has been known as DePuy Synthes.

Synthes came into the proximal femoral nail market with the aptly named
Proximal Femoral Nail (PFN) in the mid 1990s. Since then there have been
multiple changes including to both design and alloy. It released the
Trochanteric Fixation Nail (TFN) in 2002, Proximal Femoral Nail Anti-
rotation (PFNA) in 2004 and more recently the Trochanteric Fixation Nail
Advanced (TFN-A) in 2015.3!-3% The specific details of the changes will be
discussed in the results as part of the project’s investigation into design and

metallurgy developments in modern proximal femoral nails.

The Synthes and Stryker nails are by far the most common nails used in
Australia and will be the focus of this dissertation, though it is prudent to
acknowledge the presence of other nail manufacturers that are currently in
use locally, in particular the Smith and Nephew Trigen and Zimmer Affixus

nail varieties.

1.3.2. Biomechanics and Design

Biomechanics and design are critical considerations in the evaluation and
comparison of different variations of intramedullary nails. Nails were in fact
developed with the intent of improving biomechanics of fracture fixation. As
pointed out by Kiintscher, “from the mechanical-biological point of view this

method represents the most favourable of all fracture therapy. Pressure stress
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affects the entire fracture line while the nail absorbs all injurious pushing,
shearing and bending stresses.”®® Kiintscher recognised the mechanical
advantages of nailing, in particular the shortened lever arm when compared

to a side-plate construct, as depicted in Figure 1.10.

D

H FxD > Fxd

Figure 1.10 Shortened Lever Arm of Intramedullary Nails

Depiction of the advantageous reduced lever arm ‘d’ in intramedullary nails
compared to side plating, ‘D’. Source: Muller-Daniels, H."

Structural properties including rigidity and strength are influenced not only
by variables such as nail diameter or implant thickness, but also by geometry
(shape). The cross-sectional appearance of the original Kiintscher nail was V-
shaped, but later developed into a cloverleaf pattern.?* Studies have examined
the torsional rigidity and strength of nails of various patterns demonstrating

the differences between not only the various cross-sectional shapes of the nail
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(diamond, cloverleaf, round) but also the changes with the orientation of the
nail.® In particular those with an open section (‘slotted’ nails) were shown to
have a polar moment of inertia 50 times less than those without (so-called
‘non-slotted’ nails) leading to the conclusion from Allen at. al. in 1968 that
open section structures should from thereafter be avoided.?® The differences
between some of the different early design patterns are illustrated in Figure

1.11.

30
25

20

TORQUE — KG-(M

0 2.5 5.0 7.5 10.0 12,5

ANGULAR DEFLECTION — DEG.

Figure 1.11 Angular Deflection of Nail Designs

Relative angular deflection of bone (the femur; A*), the Schneider nail (B), a short
(C) and long (D) diamond nail and a cloverleaf nail (E). Source: Allen et. al.>

Over the subsequent 50 years not only did open section nails disappear but so
too did the diamond, V-shaped and cloverleaf cross-sectional geometries,
replaced primarily by closed section round nails with or without shallow

longitudinal grooves running along their surface.
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As will be discussed in the methods chapter, one aim of the project was to
undertake a detailed analysis of modern design and alloy developments which

is reported on in the results.

1.3.3. Usage Patterns

Intra-medullary nails are being used with increasing frequency in the
management of proximal femoral fractures compared to sliding hip screws.
This is reported anecdotally to be due to smaller incisions, less soft tissue
dissection, shorter operating time and simplified instrumentation. The 2015
Annual Report from the National Hip Database in the UK showed that 10%
of all hip fractures are treated with intra-medullary nailing, which had
increased by 47% over the preceding 5 years.?® At Fiona Stanley Hospital in
Western Australia, intra-medullary nails were used in 38% of all hip fractures

in 2018.%7

On a population level the ANZHFR again provides insights, with reference
to the anatomic fracture patterns depicted in Figure 1.2. Sliding hip screws
from 2015 through to 2018 have consistently reduced in prevalence in the
treatment of trochanteric hip fractures down from 42% to 28%, with
intramedullary nailing increasing to be the most popular from 53% to 62%.°
In subtrochanteric fractures nailing has long been preferred and remains the

procedure chosen in more than 80% of cases.’

Cost is an additional factor to consider when deciding between sliding hip

screws and intramedullary nails for trochanteric fractures where either would
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be appropriate. The 2020 Australian National Prosthesis List serves as a
surrogate to approximate prosthesis cost to Australian hospitals.*® A standard
(235mm) DePuy Synthes TFNA nail will cost A$1,370 for the nail, up to
A$472 for the lag screw if a blade is used, and A$143 for a distal locking
screw for a total of A$1,985. A short (180mm) Stryker Gamma nail is priced
at A$1,010 for the nail, A$199 for the lag screw and A$143 for a distal
locking screw for a total of A$1,352. Use of an endcap is an additional A$96.
Conversely, a DePuy Synthes Dynamic Hip Screw costs A$502 for the
plate/barrel, A$215 for the lag screw and $80 for each of at least 2 cortical

screws for a total of A$877, less than half the cost of a nail.

Little is known about the patterns of use of different brands of proximal
femoral nails in terms of the different implants used and the changes in
practice over time. After a literature search yielded no further information, a
formal assessment of implant usage patterns on a state level became a

secondary aim of this project.

1.3.4. Metallurgy and Mechanical Properties

Performance of implants in the human body depend on 2 key factors. These
are biofunctionality (ability to achieve their function in vivo in the human
body) and biocompatibility (ability to avoid stimulation of a foreign body
response from the host).?* An implant’s biocompatibility then depends on the
host response to the material and the materials response to the host

(degradation in body fluid).** Whilst increased implant stiffness is generally
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considered an advantage, this is relative, as an implant far stiffer than the
healing bone it protects will bear foo much of the load through that bone,
shielding the bone from a ‘healthy’ amount of stress required to encourage
new bone formation in a phenomenon known as stress shielding.*! Strength
1s important as implants may need to act supporting some bones for several
months while healing occurs. Corrosion resistance is also critical due to the

surrounding electrolyte dense fluid that human tissue contains.

The commonly used alloys in orthopaedic implants are stainless steel, cobalt-
chromium and titanium-based alloys. Cobalt-chromium is not typically used
for intramedullary nails. A brief summary of some of their mechanical
properties is summarised in Table 1.1 below.

Table 1.1 Overview of Implant Alloys

Source: Biltatu et. al.*!

Titanium Cobalt Stainless Steel
Stiffness Low Medium High
Strength High Medium Medium
Corrosion Resistance High Medium Low
Biocompatibility High Medium Low

1.3.4.1. Stainless Steel

Stainless steel was one of the earliest alloys used in orthopaedic implants and
has been in use for over 100 years. The original Kiintscher nails in the 1940s
were manufactured in V2A steel.?> V2A is named after ‘Test Smelt 2
Austenite’ (Versuchsschmelze 2 Austenit) and is known in the construction

industry for its resistance to rust.* It is typically comprised of 18% chromium
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and 8% nickel, and is rarely used in modern implants nor even in construction.

Modern stainless steel medical implants are made of 316L stainless steel.

The 300 series of stainless steel implants are nickel-based austenitic steels,
with a minimum of 8% nickel required to an 18% chromium stainless steel to
convert all the ferrite to austenite.** The ‘L’ of 316L stands for ‘low,’
distinguishing it from 316 stainless steel which has a higher carbon content —
almost double from 0.03% to up to 0.08%. The lower carbon content of 316L
makes it favourable for implantation due to its lower corrosion susceptibility
when in contact with biological fluids.*® The approximate alloy constituents,

from high to low concentration, include:

e Iron (65%)

e Chromium (17%)

e Nickel (12%)

e  Molybdenum (3%)

e Manganese (2%)

e (Carbon, phosphorus, sulphur, silicon and nitrogen (<1%)

1.3.4.2. Titanium Alloys

Titanium is a relatively new alloy in the context of orthopaedic implants, yet
it has undergone widespread uptake through a gamut of applications

worldwide. Of particular interest in orthopaedics is the material property of
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having an elastic modulus closer to bone than many other metal alloys.*! Up
until recently orthopaedic applications of titanium alloys were typically either
‘TAN’ or ‘TAV’. TAN (Ti-6Al-7Nb) contains 6% aluminium and 7%
niobium and TAV (Ti-6Al-4V) contains 6% aluminium and 4% vanadium.
TiMo (Ti-15Mo) has only recently been introduced into the intramedullary
nailing alloy range and contains 15% molybdenum.** A summary of TAV,
TAN and TiMo mechanical properties is seen in Table 1.2 alongside the same
characteristics for 316L stainless steel and cortical bone.

Table 1.2  Mechanical Properties of Alloys

Sources: Adapted from Biltatu et. al. & AZO Materials***!

Tensile Strength  Yield Strength Elongation Elastic Modulus

(MPa) (MPa) (%) (GPa)
Ti-6Al-4V 900 850 8 112
Ti-6AIl-7Nb 1000 900 8 105
Ti-15Mo 874 544 21 78
316L SS 1000 400 25 200
Bone (Cortical) 200 - 2 30

Also, it is important to note that titanium alloys exist in one or both of 2
distinct material phases, alpha and beta. The 2 crystalline states of titanium
have different structures and as a result demonstrate different material
properties.*’ The alpha crystalline phase is a low-temperature, close-packed
hexagonal crystal structure. The beta phase is conversely a high-temperature
bee (body-centred cubic) crystalline lattice. The two patterns are depicted in
Figure 1.12. The beta transus temperature (when alpha phase undergoes

allotropic transformation to beta) is 880°C. The outcome of alloying titanium
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therefore relies significantly on the temperature and can produce alpha, beta
or alpha-beta microstructures. This relatively unpredictable process is further
influenced by the alloying of additional metals (substituting).*> Most medical

applications of titanium alloys exist in an alpha-beta phase (mixed).

Beta p
Body-centered cubic

s — — — — — — — o—

Temperature ———se=

Alpha o
Close-packed hexagonal

Figure 1.12 Alpha and Beta Titanium Phases

The 2 crystalline phases of titanium alloys. Source: Froes et. al. ¥

1.4. Failure of Intramedullary Nails

1.4.1. Common Complications

Implant-related complications include peri-implant femoral shaft fracture,

loss of fixation, cut-out, avascular necrosis, non-union, infection and pain.

1.4.2. Implant Breakage

Nail breakage is a rare complication.*® Risk factors for nail breakage

determined by Johnson et. al. include younger age at time of initial injury,
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fracture instability, inadequate reduction at index surgery, subtrochanteric or
pathological fractures, poor rehabilitation programs and delayed bony

union.*’

Reduction at time of index surgery is important for implant breakage as
anatomical reduction improves construct stability and reduces fracture
healing time, thereby reducing load borne by the implant. Baumgaertner et.
al. created a reporting system for the reduction of proximal femoral fractures

which is used in this paper, summarised in Table 1.3.

Table 1.3  Baumgaertner’s Reduction Quality Assessment Tool

View Good Acceptable Poor
Alignment:  Normal or slight

'8 AP valous : Alignment or Neither the

. & displacement alignment nor
Alignment: ) . }

<20° angulation criteria met but not displacement
Lateral o
. both criteria met
Displacement <4mm

The majority of implant fractures occur at the proximal aperture for the
cervicocephalic screw or blade.!! This is likely simply due to the fact that this
is the region of greatest stress concentration, followed usually by the distal

aperture for the distal locking screw.*®

Implant breakages typically occur when the implant is cycled beyond its yield
stress, usually occurring in slow to heal fractures where more cycles of
loading occur before bony healing is eventually completed. If this does not
occur in sufficient time, the excess load on the implant leads to eventual
breakage thus creating the so called ‘race’ to union. It is known through FEA

studies that for both stainless steel and titanium alloys stresses during single
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leg stance do reach levels where implant failure would be expected to occur

if enough cycles occur before it heals.*

1.4.2.1. Segmental Breakage

Segmental breakage of any nail, meaning a nail that breaks into 3 distinct
parts (2 separate breakage points), is also rare. There are no previously
published cases of segmental nail breakage in proximal femur fractures,

4951 None of these

however there are three following femoral shaft fractures.
three patients reported secondary trauma or infection, and all of the breakages

occurred through the shaft of the prosthesis rather than at the screw aperture

interface.

Mazzini et al described a case of a 31-year-old male who sustained an open
fracture of the femoral shaft which was treated with a Kiintscher femoral
nail.*’ The patient had distal screw breakage four months post-operatively and
re-presented seven months after surgery with a segmental nail breakage in the
distal third. This was treated with exchange nailing and bone graft. Kouvidis
et al reported a case of a Grosse Kempf femoral nail (Howmedica, Ruther-
ford, NJ, U.S.A.) in a 35-year-old male who suffered a segmental nail
breakage at 11 months post-operatively and was treated with exchange
nailing.® Sivananthan et al reported a case of a segmental femoral
intramedullary nail breakage in a Targon nail (Braun, Aesculap, Tuttlingen,

Germany).>!
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2.  Study hypothesis and aims

This investigation was in response to a sudden increase in observed nail
breakage frequency in our region. It sought to comprehensively examine nail
design changes, patterns of use, patient factors and importantly perform a
laboratory analysis on the broken nails to investigate possible causes of

failure.

2.1. Hypothesis

This study was based on the following hypotheses:

Significant changes to both implant metallurgy and design may explain

the increased reported number of breakages

" There would be a large shift in use from the DePuy Synthes PFNA to

the novel TNFA

" Patients would be young, slim and active as per the findings of Johnson
etal.¥’

" Laboratory investigation may provide insight into the patterns of
damage

2.2. Aims

The aim developed from our hypotheses was therefore to answer the

following questions:
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1. What are the changes to implant design and metallurgy in proximal
femoral nails that have occurred over time that may contribute to nail

breakage?

2. What are the patterns of DePuy Synthes proximal femoral nail usage in

Western Australian tertiary public hospitals?

3. What are the patient and fracture characteristics in whom proximal

femoral nail breakage occurs?

4. What are the findings when subjecting broken proximal femoral nails to
laboratory  analysis, including macroscopic and microscopic

observations?

2.3. Thesis Outline

This thesis explores the key questions above relating to proximal femoral
nails. It explores the history of nail design and processing and the usage
patterns of specific nail types locally. This information is important to help
understand the patient factors that may have contributed to breakage. Finally,
an in-depth analysis is performed on the retrieved implants. We examined not
only location and patterns of breakage but also conducted laboratory assays

on the implants and to provide insights into theories for breakage.
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3. Materials and methods

3.1. [Ethics and Approvals

This project was reviewed by the UWA Master of Surgery selection panel
and deemed suitable for a Masters level thesis. Ethics approval was obtained
from Fiona Stanley Hospital as the principle investigation site in collaboration

with their Quality Improvement Department.

Site specific approval at each individual public orthopaedic centre in Western
Australia was obtained via written collaboration agreements with the Head of
Department at each site. These were Fiona Stanley Hospital (Mr Andrew
Mattin/Mr Gareth Prosser), Fremantle Hospital (Mr Omar Khorshid), Sir
Charles Gardener Hospital (Prof Richard Carey Smith) and Royal Perth

Hospital (Mr Alan Prosser).

A waiver of consent was obtained for review of files in accordance with
Section 3.2.10 of the NHMRC National Statement on Ethical Conduct in

Human Research.

3.2. Materials

3.2.1. Data Collection

In order to capture a comprehensive database of information, data was

collected across multiple sources as outlined in Table 3.1.
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Table 3.1 Data Sources

A summary of data sources for collection of patient and laboratory data

Source Data Collected

Department of Health - Private Implant costs

Health Insurance Prosthesis List

Implant company websites and Implant design features,

surgical technique guides metallurgy, surgical technique

Literature review Implant design features &
metallurgy

CITRA (Centre for Implant Retrieval analysis and breakage

Technology and Retrieval Analysis) | features

Hospital Theatre Database Implant numbers, types, dates of
insertion and patient URN

Hospital Records Patient age, ASA, BMI, imaging,
presenting history, operative
records

3.3. Methods

Methods of addressing the 4 key research questions are outlined. Broadly, a
multicentre investigation was set up across the only 3 public tertiary
orthopaedic trauma hospitals in Western Australia in conjunction with our
implant retrieval centre (CITRA). A highly concentrated and geographically

isolated population facilitated effective data collection.

3.3.1. Changes to Design and Metallurgy of Proximal Femoral Nails

By accessing manufacturer implant technical information documents and
websites, and conducting a comprehensive literature review, the designs and
metallurgy of modern proximal femoral nails were assessed. This focussed
on type of alloy, nail geometry and any unique design features or design

changes across the iterations/generations of nails.
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3.3.2. Patterns of Local Proximal Femoral Nail Usage

A review was conducted at all 3 current and one former public tertiary trauma
hospitals in Western Australia between the dates of 1% January 2001 to 5%
July 2017. The start date was selected as this was the first year the Synthes
PFN was used in Western Australia (the oldest nail examined in the study).
The end date was selected so that at the time of the study in early 2019 the
nails implanted had appropriate clinical follow up time, along with sufficient

time (18 months) for implant failure/breakage to occur.

After departmental agreement, the key hospital staff responsible for theatre
record keeping were approached at each site. At the time of the study all sites
utilised the identical Theatre Management System (TMS) software package
owned by the Western Australian Department of Health. A key component of
this software is the scanning of implants scanned prior to opening/insertion
in theatre. Utilised implants are recorded electronically in the database, along

with the following information

Operation site

e Operation date

e [CDI10 code

e Procedure title

e [tem removal or insertion
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e Implant manufacturer

e [tem description (including nail code, diameter, length, neck-shaft

angle)

e Patient Unique Medical Record Number (UMRN)

The search criteria were for Synthes (and more recently DePuy Synthes)
intramedullary nails implanted during the investigation period. Synthes nails
were selected as they were by far the most commonly used in our region and
examining changes to Synthes nails over time was a primary aim of the study.
Using the above information, it was possible to tabulate the Synthes nails used

in public institutions for the 16-year period across the state.

3.3.3. Patient and Fracture Characteristics with Broken Nails

Patients assessed through clinical record and radiological examination were
those who had suffered a breakage of the proximal femoral nail during the
observed period 1 January 2001 to 5" January 2019. Patients were identified
predominantly via the retrieval lab receipt of an implant (CITRA). A minority
of patients presented during the time of the study with broken implants in situ
and still able to bear weight who were treated non-operatively and thus patient

characteristics were available, but not retrieval data.

Patient files were individually reviewed. Data retrieved from hospital medical
records included age, gender, Body Mass Index (BMI), American Society of

Anaesthesiolgy (ASA) grade, admission diagnosis, mechanism of injury,
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implant details, procedure details, treatment and time to failure. Plain
radiographs were independently assessed by two authors (PY, AL) to both
classify the original fracture pattern according to the AO/OTA Fracture
Classification System and to qualitatively assess reduction according to
Baumgaertner.>? All operations were performed by qualified members of the
respective Orthopaedic Departments; either the Orthopaedic Trauma
Consultant, Trauma Fellow or Orthopaedic Registrar under supervision. The
type of revision procedure, if performed, was also recorded along with

implants used.

3.3.4. Laboratory Investigation of Retrieved Nails

Locally explanted orthopaedic devices from all hospitals are submitted for
analysis in an independent government funded institution, the Centre for
Implant Technology and Retrieval Analysis (CITRA). Implants are collected,
analysed and reported on, with over 10,000 retrieved prostheses currently in
storage. Though retrieval analysis is not mandatory, all public hospitals
actively participate and there is a strong local culture of sending all broken
implants (excluding smaller devices such as screw breakages) to the
laboratory. The majority of retrieved implants are intramedullary nails and

hip and knee replacements.

Analysis is performed on nails in the laboratory. Evaluation of the fractured
nails included qualitative macroscopic analysis, optical stereomicroscopy

(Leitz MZ10; Leitz, Wetzlar, Germany), microstructural and microhardness
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assessment (Leitz Orthoplan, Wurthemburg, Germany & Struers Durascan,
Zweigniederlassung, Osterreich) and Scanning Electron Microscopy (SEM)
of fracture surfaces (JEOL Neoscope, Japan). Retrieved nails of interest were
examined in this thesis, being the Synthes PFN, PFNA and the DePuy Synthes
TFNA. Reporting was available for the nails along with macroscopic and

microscopic photography.

3.3.5. Statistical Analysis

Quantitative data was analysed using Microsoft Excel (Excel for Mac 2016,

Microsoft Corporation, Washington, USA).
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4. Results Chapter 1: Changes to Design and
Metallurgy of Femoral Nails

A comprehensive review of both manufacturer and publicly available
information was conducted spanning operative techniques, book chapters,
basic science and historical narratives. Through this the implant design and
materials used in current and previous generations of proximal femoral nails
were examined in-depth as part of a root cause analysis for breakages of a

new implant.

4.1. Stryker Nails

The sequence of evolution of the nails described in the introduction is
depicted in Figure 4.1. The change from SGN to TGN in 1997 reduced nail
length by 2cm to 180mm and the medial-lateral bend from 10° to 4°.'%33 After
2001 the TGN was also available as a titanium alloy after being released as a
stainless steel implant initially. From TGN to Gamma3 a significant change
was the reduction of the proximal nail diameter from 17mm in the TGN to
15.5mm in the Gamma3. Reducing bone removal and minimising the
invasiveness of approach were the key design targets of the development team
in the Gamma3 inception and was said to remove up to 20% less trochanteric
bone in its preparation as a result of the reduced diameter. The lag screw

diameter was reduced to 10.5mm but changes to the design of the screw were
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added with the aim of overall reducing cut out despite the smaller diameter.!°

The current generation Gamma3 nail is made of a TAV titanium alloy.

Figure 4.1 Generations of Gamma Nails

The progression of Gamma nails from the SGN (‘a’), TGN (‘b’) to Gamma3 (‘c’).
Source: Miiller-Daniels."

The Gamma3 also introduced a Strength Improvement Groove (SIG) on the
lateral aspect of the proximal aperture (Figure 4.2), shown in Finite Element
Analysis (FEA) models to share the stress over a greater area, thereby

reducing the maximal stress at any point (Figure 4.3).
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Figure 4.2 Gamma3 Strength Improvement Groove

The cut out on the lateral part of the aperture known as the SIG is shown here (left)
compared to the appearance without a SIG (right), which blunts the edges. Source:
Miiller-Daniels."
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Figure 4.3 Finite Element Analysis of the Gamma SIG

FEA for the proximal aperture in the Stryker Gamma nail without the SIG (left) and
with (right). Source: Miiller-Daniels."
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4.2. Synthes Nails

Nails manufactured by Synthes (now DePuy Synthes as part of Johnson &
Johnson Medical Devices) have evolved over time, with changes to the brand
name, alloy and design across a 25-year period. These are the Proximal
Femoral Nail (PFN), Trochanteric Fixation Nail (TFN), Proximal Femoral
Nail Anti-rotation (PFNA) and more recently the Trochanteric Fixation Nail

Advanced (TFN-A). The nails are graphically depicted in Figure 4.4.

Figure 4.4 Evolution of Synthes Proximal Femoral Nails

Left to right, the PFN, PFNA, TFN and TFNA nails. Source: surgical technique

31-34

guides.

The PFN was released in 1996 and was available as both a titanium alloy
(TAN) and in stainless steel, and featured a 17mm proximal nail diameter.*
The nail body was lime green with an 11mm hot pink neck screw, a 6.5mm
navy blue hip pin and a 4.9mm lime green distal locking bolt. Nails were 10,

11 or 12mm in diameter and the short nail was 240mm in length. Neck shaft
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angle could be 125, 130 or 135 degrees and the medial-lateral angle was 6

degrees.

The TFN was released in 2002 but was never available for use in Australia.
The nail was only available as a TAN alloy (Synthes had ceased production
of stainless steel nails, presumably due to the excessive stiffness). It also saw
the introduction of a helical blade (rather than screws) at the proximal end.
The blade was designed with the intention of enhancing cut-out resistance as
well as preserving bone.’? The screw was controlled in rotation by a built-in
internal set-screw proximally with two small arms that sat either side of an
anterior and posterior flat (rather than round) surface of the lateral nail, as

seen in Figure 4.5.

Figure 4.5 The TFN Helical Blade

Picture of the helical blade by TFN noting the flat anterior (and posterior) surface
laterally for rotational locking. Source: Synthes.*'
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The next nail released was the PEFNA in 2004 which saw the introduction of
different short nail length options (170, 200 or 240mm) and a small reduction
in proximal diameter (16.5mm). Uniquely it also introduced a lateral locking
mechanism for the lag screw or blade, whereby the rotation of the blade or
screw was limited by teeth that engaged an inner bolt within the barrel of the
blade (Figure 4.6). This ensured the barrel was unable to spin at the proximal
aperture due to its ovoid cross-sectional shape. This was considered an
improvement on the PFN which did not lock proximal rotation (though it had
2 cephalic screws) and the less convenient proximal method of locking the

Stryker Gamma nail or Synthes TFN.

PFNA blade locked

Figure 4.6 PFNA Lateral Locking Mechanism

Demonstration of the internal locking mechanism to prevent blade rotation. Source:
Synthes Product Technique Guide.**

The TFNA (TFN-Advanced, DePuy Synthes, Oberdorf, Switzerland) was
introduced to the global market in 2015 and is a TiMo (Ti-15Mo) Titanium-
Molybdenum alloy.?* This was the first time Ti-Mo had been chosen as the

primary alloy in proximal femoral nails. The TFNA was first used in Western
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Australia on the 1st March 2016 and is still currently in use locally and
internationally. TiMo is said to provide improved fatigue resistance and
strength compared to TAV (Ti-6Al-4V) and TAN (Ti-6Al-7Nb) alloys
according to biomechanical testing data from DePuy Synthes Trauma.** TiMo
has also been shown to have a lower elastic modulus compared to TAV (78
vs 112 GPa), suggesting it should behave more like the surrounding cortical
bone.*! It was assumed that the stronger alloy, combined with associated
design changes, would result in a smaller nail diameter being acceptable
without reduced overall construct strength. This would minimise bone loss
during nail insertion. The TFNA offers both blade or screw fixation of the
femoral head with sliding or static locking, with a built-in proximal set-screw

similar to that used in the TFN.

Other introduced features of the TFNA include a 1.0m radius bow and a
smaller proximal nail diameter of 15.66 mm thereby further preserving bone.
The BUMP CUT™ design is said to improve fatigue strength and is a
protuberance in the mid portion of the proximal aperture on the lateral side
both on the anterior and posterior rims. The LATERAL RELIEF CUT™ was
also introduced where the lateral portion of the proximal nail is progressively
removed from proximal to distal leaving a flattened rather than cylindrical
shape, again designed to preserve bone.** These features are shown in Figure

4.7.
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Figure 4.7 TFNA Bump and Lateral Relief Cuts

The BUMP CUT™ (left) and LATERAL RELIEF CUT™ (right) features of the
TNFA. Source: Synthes.*

These features reduce the nail diameter around the level of the proximal
aperture commensurate with nail size from 13.4 mm for a 9 mm diameter nail
through to 15.2 mm for a 14 mm nail.** The volume of alloy within the wall
of the proximal nail is further reduced compared to previous generations of
nails by the presence of a cannulated built in set screw above the aperture and
a threaded space below it to assist with device removal in case of implant
breakage. This is comparatively shown in the laboratory photograph in Figure
7.2. The absence of a SIG like the Stryker Gamma3 also leaves a sharper outer

margin of the proximal aperture.

4.3. Summary

A comprehensive review of some of the modern intramedullary nails used for

proximal femoral fracture osteosynthesis outlines the significant changes that
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have occurred over time. Generally, implant manufacturers seek to preserve
bone, reduce cut out and improve nail strength in a bid to reduce causes of
fixation failure. This has been achieved by various combinations of
reductions in proximal nail diameter, use of different lag screw devices,

development of alternative alloys and alteration of overall nail design.
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5.  Results Chapter 2: Patterns of Local Proximal

Femoral Nail Usage

5.1. Usage By Hospital

The total usage of nails is shown in Figure 5.1. This data should be read in
conjunction with section 1.1 to understand that the FHHS and FSH health
services merged/relocated in 2015 to become FSFHG. Their data are

combined in the figures that follow.
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Figure 5.1 Total Number of Implanted Synthes Nails by Site

Tally of the total Synthes PFN, PFNA and TFNA implants used by each hospital
group from 2001 to 2017

In Figure 5.2 the type of nail used at each site is examined as a proportion of
all nails for that institution. Of note the Royal Perth Hospital made the
decision to use very few TFNAs in recognition of their increased cost and
continued to use the PFNA implant. This decision was made prior to the

discovery of TFNA breakages.
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Figure 5.2  Use of different nails by site

The relative proportion of different nails used at each site as a stacked column chart.

5.2. Changes Over Time

In order to understand trends in usage both the volume of Synthes nails (as a
surrogate of overall nail usage) and type of nail used were analysed across the
years of data collection as seen in Figure 5.3 & Figure 5.4. Nails used until
May 2018 were captured. Of note, 2018 was an incomplete year and therefore

not included in the annual nail usage tally.
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Figure 5.3 Number of Synthes Nails inserted

Line chart depicting total number of Synthes nails inserted in WA by calendar year
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Figure 5.4 Relative Usage of the Different Nails
Stacked column chart depicting the relative usage of different Synthes nails over
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time.

We also decided to investigate the usage trends of short versus long femoral
nails given that nails had expanded their indications to more simple proximal
fracture types with their short options. Figure 5.5 demonstrates this over time

whereas Figure 5.6 breaks this down by nail design.
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Figure 5.5 Proportion of Long and Short Nails by Year
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Figure 5.6  Length of Nail by Nail Type

Stacked column chart demonstrating proportion of each nail inserted that was long
versus short in length
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6. Results Chapter 3: Patient and Fracture

Characteristics with Broken Nails

6.1. Patient Characteristics

At time of data collection there had been 16 reported cases of TFNA implant
breakage in our region. Demographics and patient data are described in Table
6.1. There were no pathological fractures. Appendix B depicts the clinical
information for individual cases.

Table 6.1 Summary of TFNA Breakage Patient Characteristics

*The values are given as the mean and the standard deviation, with the range in
parentheses for continuous numerical data and the count with percentage in
parentheses for categorical data. $Age is at time of implant breakage.

Parameter Value*
Sex F (11),M(5)
Aget (yr) 79.4 £ 9.3 (59 to 94)
BMI (kg/m?) 26.4 + 3.3 (22 to 33)
ASA grade 2(9),3((7)
Diagnosis
Hip fracture 11 (69%)
Broken implant 5 (31%)
Mechanism
Fall 12 (75%)
Atraumatic 4 (25%)
AOQ classification
31A3 12 (75%)
31A2 2 (13%)
32A2 1 (6%)
32C3 1 (6%)

Post-operatively all patients had been allowed to weight bear as tolerated (as
per best practice guidelines for management of proximal femoral fractures)

with the use of a gait aid if required. Post-operative physiotherapy focused on
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functional rehabilitation including transfers, mobility, sitting out of bed,
balance and falls risk reduction. Specific high load exercises such as straight
leg raises or squats were not prescribed. Two patients with minimal
displacement of the fracture despite nail breakage declined further surgery.
Of the 11 revision nails used, there were 8 TFNAs, 2 AFNs (Antegrade
Femoral Nail, DePuy Synthes, Oberdorf, Switzerland) and 1 PFNA (Proximal
Femoral Nail Antirotation, DePuy Synthes, Oberdorf, Switzerland). There
were 8 patients treated with a revision TFNA for nail breakage, of whom 3
returned with a breakage of the revision implant. These are cases 2, 4 and 11

returning as cases 9, 10 and 14 respectively in Appendix B.

6.2. Radiographic Assessment

Table 6.2 highlights the technical aspects and breakage information along
with subsequent management. The AO/OTA fracture classification was
predominantly intertrochanteric (reverse oblique), followed by multi-
fragmentary pertrochanteric fractures and sub-trochanteric fractures. No
breakages were seen with a simple pertrochanteric fracture pattern.

Table 6.2  Summary of Technical Features, Diagnosis and Outcomes

*The values are given as the mean and the standard deviation, with the range in
parentheses for continuous numerical data and the count with percentage in
parentheses for categorical data. TAssessed according to Baumgaertner’s criteria™.

Parameter Value*
Reduction Quality
Good 10 (63%)
Acceptable 4 (25%)
Poor 2 (12%)
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Reduction method

Open 9 (56%)

Closed 7 (44%)
Nail length

Long 9 (56%)

Short 7 (44%)

Time to breakage (months) | 5.0 £2.2 (2.2 to 9.8)
Mechanism of breakage

Atraumatic 14 (88%)

Fall 2 (12%)
Breakage site

Proximal aperture 15 (94%)

Both apertures 1 (6%)
Diagnosis

Delayed union 11 (69%)

Non union 5(31%)
Management

Revision nail 11 (69%)

Arthroplasty 3 (19%)

Nonoperative 2 (12%)

All nails breakages occurred through the proximal aperture, with one nail
additionally breaking at the distal aperture. Breakages had occurred with both
the blade and screw options for head fixation, with blade fixation accounting
for the majority of implants being inserted at time of data collection.

Radiographs from Case 3 are shown (Figure 6.1 to Figure 6.4).
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Figure 6.1 Pre-Operative X-rays for Case 3

Anteroposterior (A) and lateral (B) radiographs demonstrating the reverse oblique
pattern proximal femur fracture.

Figure 6.2 Intra-operative Fluoroscopic Images for Case 3

Intraoperative fluoroscopic radiographs at time of nail insertion.
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Figure 6.3 Implant Breakage in Case 3

Anteroposterior (A) and lateral (B) radiographs demonstrating implant breakage
through the proximal aperture typical of this series

Figure 6.4 X-Rays Post Revision for Case 3

Anteroposterior (A) and lateral (B) radiographs following revision nailing
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It is worth noting that two of the cases of breakage presented with very subtle
plain film findings and required CT to confirm implant breakage as
catastrophic failure had not yet occurred. It is likely that some of the patients
that presented with catastrophic failure (fracture displaced) may have had a
window of opportunity for diagnosis and revision before this stage and one
patient in fact retrospectively was identified as having a minimally displaced

implant breakage on earlier films (Figure 6.5).

Figure 6.5 X-ray and CT of Case 1

Imaging demonstrating subtle radiographic malalignment and on CT confirmation
of implant breakage
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6.3. Summary

The characteristics of the patients are described, noting a female dominance,
age of 70-90 years old and a relatively low ASA for the population and normal
BMI. Predominantly unstable primary fractures were found to suffer implant

breakage.
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7.  Results Chapter 4: Laboratory Investigation of

Retrieved Nails

7.1. Macroscopic Analysis

Macroscopic analysis of the TFNA nails primarily revealed a tortuous crack
failure path with all nails showing multiple secondary cracks stemming from
the fracture surfaces. In this regard several nails had evidence of small
fragments of alloy missing from the fracture surface, indicative of multiple
crack pathways. In all cases, part of the failure path included fracture

surfaces running parallel to the long axis of the nail (Fig. 6).

Figure 7.1 Appearance of a Typical TFNA on Retrieval Examination

Appearance of a typical fractured TFNA (A through D). Microstructures of the
DePuy Synthes TFNA (E) and for comparison PFN (F) nails. SEM images of the
horizontal (G) and vertical (H) fracture surfaces highlighting fatigue striations and a
surface ridge.
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In all devices the fracture origin was at the point of, or adjacent to the thinnest
cross section of the nail, generally on the lateral aspect of the device
associated with the LATERAL RELIEF CUT™ and BUMP CUT™ design
features of the proximal hole. The nails showed typical intraoperative or
insertional damage commonly found on intact nails retrieved for other
diagnoses. These findings ranged from sight scratching to severe gouging of

the proximal aperture in all but one case.

In comparison to previous generations of Synthes nails or to the Stryker
Gamma nail, there appeared to be a significant macroscopic reduction in alloy
volume around the proximal aperture as pictured in Figure 7.2. Examining
the nail design there was no evidence of a SIG-like etching of the outer

aperture as seen in Stryker Gamma nails and discussed in section 4.1.
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Figure 7.2  Cross Sectional Microscope Photograph of Broken Nails

Clockwise from top left: Synthes TFNA, Synthes PFNA, Synthes PFN and Stryker
Gamma nails. Photo through proximal aperture, looking into proximal part of nail.
Source: CITRA.

7.2. Microscopic Analysis

The phases (microstructure) of titanium alloys in the solid state can be alpha,
beta or alpha-beta as discussed in section 1.3.4.2. In the present case the
microstructure consisted of a fine alpha equiaxed in a beta structure (alpha-
beta) which is indicative that the alloy had been worked in some way, as
expected in the production of an intramedullary nail. Microscopic photos are

seen in Figure 7.1.
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7.3. Microhardness

The microhardness was evaluated by sequential tests traversing from the outer
to inner diameter. Of note was a decrease in hardness from the outer surface

to mid point of the cross section and then a slight increase at the inner surface.

7.4. Scanning Electron Microscopy (SEM)

SEM of the fracture surfaces was confounded by the tortuous fracture path
with ‘vertical/axial’ fracture faces which contrasts to the more commonly
observed planar fracture surface of other failed intramedullary proximal
femoral nails. Fatigue striations were observed on all nails as expected, whilst
a noticeable surface ridge was also present which correlated with the

microhardness results. SEM images are included in Figure 7.1.

7.5. Segmental Nail Breakage

One case in particular demonstrated breakages through both the proximal and
distal apertures, which had not been described previously in the orthopaedic

literature Figure 7.3.
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Figure 7.3  Post Breakage X-rays of Case 5

Segmental breakage of the proximal femoral nail is shown on AP (left) and lateral
(right) radiographs

Analysis of the retrieved nail fragments illustrated an unusual pattern of
fragmentation (Figure 7.4). The tortuous fracture path and missing fragments
were characteristic of the titanium alloy and its inherent microstructure. It was
hypothesised that the implant initially failed distally, suggesting that the
proximal nail was not well supported, leading to increased bending loads at

the level of the cross-locking screw.
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Figure 7.4 Case 5 Laboratory Photography

Segmental breakage of the nail is depicted

The extent of wear noted on the proximal nail surface further indicates that
there was a significant amount of proximal micromotion. Finally, the distal
aperture showed evidence of axial load, causing bending forces which likely

contributed to the breakage at the distal aperture.

7.6. Summary

Novel findings of a unique fracture pattern and unusually large number of
implant breakages are analysed. Macroscopic and microscopic images are
provided to highlight the fragmentation and tortuous fracture path of the

breakage.
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8. General discussion

8.1. Summary of results

If proximal hip fractures pose the significant projected burden on the
community discussed by Burge et. al., then a deeper understanding of nails
used for fracture osteosynthesis and their potential modes of failure is critical
to ensuring their ideal use.® This thesis covers a comprehensive review of
design and material changes to modern proximal femoral nails over the past
20 years in a bid to explore possible reasons to explain a newly identified
group of implant failures. This is followed by a unique analysis of implant
usage patterns and trends covering a large population of patients and
surgeons. Such information can be used to understand evolutions in

management of hip fractures.

The thesis also analyses the demographics, radiographic findings and retrieval
data of the largest series of nail breakages in the published English literature
and is the first to perform a laboratory analysis on the new TFNA implant.
The regular collection and analysis of implant breakages across a large yet
geographically isolated population, combined with the presence of a
centralised, independent implant retrieval centre underpins the strength of this
study. These factors combine to produce a study that may be the early

detection point of an implant issue that has not yet been recognised elsewhere.
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8.2. Changes to Design and Metallurgy of Proximal

Femoral Nails

Nails have evolved significantly since Kiintscher and Pohl collaborated in the
late 1930s.2> Modern nails are highly engineered and therefore more costly,
with numerous design features and intricate locking systems and jigs for
minimally invasive insertion. As industry strives to refine implant design
there is a clear progression towards reducing nail diameter in an effort to
preserve bone, while simultaneously attempting to mitigate the inevitable loss
of strength that accompanies cross sectional diameter reduction. We have
seen this with design changes such as the introduction of the SIG on the lateral
aspect of the Gamma nail (Figure 4.2) and the Bump Cut and Lateral Relief
Cut (Figure 4.7) on the TFNA. Strength has also been sought from
progressive alloy changes from stainless steel to titanium initially (less
stiffness, closer modulus to host bone) and more recently through the use of
different titanium alloys including TAN, TAV and Ti-Mo. Though some of
the changes appear minor, it is important to understand the implications and
potential pitfalls of each adjustment, both in isolation and as part of a new

design/alloy combination.

The reduction of nail diameter from 17mm to 15.6mm over the iterations of
Synthes nails with a superimposed further reduction of volume from a lateral
relief cut may mean that failure risk is not fully mitigated despite the use of a

theoretically stronger alloy and other associated design features. Additional
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design features such as the introduction of a flattened lateral edge of the
proximal aperture like the SIG, may improve fatigue strength and potentially

benefit the Synthes line of nails.

As there were multiple changes in prosthetic design that occurred
simultaneously with a change in alloy choice for the TFNA a formal root

cause analysis is difficult.

8.3. Patterns of Local Proximal Femoral Nail Usage

For the first time in Australia, this study has provided a large scale assessment
of usage patterns for proximal femoral nails used to treat hip fractures. It was
observed in our national hip fracture registry that Australia-wide the rate of
IMN use in hip fractures has increased by 47% over a 5 year period.>® This
correlates with our findings of rapidly increasing use of nails in our region.
From 2001 to 2017 annual Synthes nail use (as shown in figure 5.3) has risen

from less than 50 to over 400 nails per year.

Figure 5.1 demonstrates relatively high volumes of nail usage at each of the
3 public tertiary orthopaedic hospitals across WA, each site using over 1,000
nails in the examined time period of 2001 — 2018. Furthermore Figure 5.2
demonstrates that by far the most commonly used nail of those examined has
been the Synthes PFNA, which sparks interest given the relative paucity of
retrieved PFNA nails at CITRA. This will be an avenue of further

investigation in a planned future study. From 2015 to 2018 by far the majority
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of nails used were the Synthes TFNA in WA, however anecdotally this study

has contributed to a partial change in practice since then.

When comparing short versus long nails, historically nailing was preserved
for shaft fractures and highly unstable subtrochanteric femur fractures and
thus long nails predominated. Proximal stable fractures would typically have
been treated with a sliding hip screw device (Figure 1.3). This is evident at
the commencement of data collection in 2001 where long nails constituted
75% of nails used during that year. By 2005 this was a minority of 10-30%
of cases and has continued to be a progressive minority since (Figure 5.5),
likely reflecting change in practice along with the expanding indications of

short nails.

Given the incidence of breakages of the TFNA, it was postulated as to
whether the newer nail in its short form was inappropriately being used where
a long nail would be more appropriate. Figure 5.6 however demonstrates
that a slightly higher proportion of long nails have been used since the

introduction of the TFNA design compared to previous generations.

8.4. Patient and Fracture Characteristics with Broken Nails

Similar to other published cohorts of nail breakages, the patients in this series
were found to have mostly unstable fracture patterns, producing more
significant stresses for the implanted nail. No simple pertrochanteric type

fractures (AO 31-Al) have thus far had implant breakage, with highly
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unstable reverse oblique fractures representing the majority of failures. Whilst
a direct comparison wasn’t performed between breakage and non-breakage
cohorts it is postulated that reverse oblique intertrochanteric (AO 31-A3)
fractures should be added to the list of nail breakage risk factors identified by
Johnson et. al..47 It is possible that reduction quality is not as important a
contributor to implant failure as previously thought, given the significant

majority of fractures were well reduced in this series (Table 6.2).

The mean time to failure of 5 months appeared briefer than has been
previously observed in our implant retrieval database and will be further
analysed in a future study. The cohort also had a near normal mean BMI,
consistent with Johnson et. al. suggesting that lighter and by correlation more
active and healthy patients, are at risk of implant breakage due to a higher

number of cyclical loads being placed through the implant.*’

In our experience of 8 revision patients whereby a broken intramedullary nail
was treated with a revision TFNA implant, a greater than 1 in 3 risk of repeat
implant breakage was observed. Other implant choices may be advisable in a
revision setting, including nails with a greater alloy volume around the

proximal aperture or if appropriate direct conversion to arthroplasty.

Given the subtle nature of some of the implant breakages on plain film
radiographs, (Figure 6.5) patients presenting with persistent pain despite
apparently unremarkable plain radiographs should be considered for 3-

dimensional computed tomographic (CT) scans to investigate occult implant
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fractures. An unstable fracture pattern that is known to be high risk for
delayed union should also be kept under closer surveillance, and increase the

surgeon’s level of suspicion in the context of pain.

8.4.1. Segmental Nail Breakage

The first case in the literature of segmental nail breakage in a proximal femur
fracture is reported in this study. The 3 other cases of segmental femoral nail
breakage described by Mazzini et al, Kouvidis et al, and Sivananthan et al
were all in distal diaphyseal fractures, and none involved 2 screw apertures.
49-51 Figure 7.4 shows the fracture characteristics which were suggestive of a

staged failure on microscopic examination of fatigue lines.

8.5. Laboratory Investigation of Retrieved Nails

Regarding the mechanics of fracture in this device, it became apparent from
the laboratory evaluations that the fracture pathway is considerably different
from retrieved intramedullary nails that have been evaluated in CITRA for
more than 40 years. Whilst all the fractures have initiated at the thinnest cross-
sectional location and on the lateral aspect of the nail, consistent with other
devices, there are multiple crack pathways, some of which led to loss of small
‘fragments’ of metal from the fracture surface. In addition, none of the
retrieved devices other than the TFNA have had a fracture pattern whereby a
planar crack has arrested, changed planes by 90 degrees, progressed, arrested

and then change planes again by 90 degrees until final failure. It is
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hypothesised that a superimposed substructure of alpha and beta phases in the
microstructure are leading to arresting of the crack pathways and changing of

direction.

A theory considered for contribution to implant breakage was that
malalignment of the aiming device for the stepped reamer for the proximal
screw or blade may have caused intraoperative damage to the proximal
aperture in the nail, thereby predisposing the nail to failure. Although such
damage was indeed seen in this series, it appears to be commonly present in
almost all previously retrieved intramedullary nails including those without
fracture and in isolation does not fully explain the breakages. The
microhardness and SEM results confirmed surface hardening and a surface
ridge which demonstrate that the alloy had been anodised, an expected

finding.

It is possible that the observed breakages are the culmination of a combination
of factors including alloy change, design and potentially an increased
susceptibility to insertional damage to the proximal nail around the screw

aperture.

8.6. Strengths and Novelty of the findings

The regular collection and analysis of implant breakages across a large yet
geographically isolated population with the availability of a centralised,

independent implant retrieval centre underpins the strength of this study. This
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is further supported by the willing collaboration of the three health services ,
that provided a complete and comprehensive data set for investigating both

nail insertions and failures.

8.7. Limitations of the study

A limitation of the study is that the data was collected retrospectively. As
previously outlined, the rate of return of failed prostheses is felt to be high
due to a long history of collaboration, a positive local culture and regional
interest. However, there may be implants that have not been returned that

subsequently narrow the spectrum of what is analysed and reported.

A further limitation is the exclusion of other nail brands in the assessment of
intramedullary nail insertions state-wide, which would have provided a
broader picture of nail usage patterns given the Stryker Gamma nail is not
infrequently used. The focus of the study was deliberately limited to compare
the different generations of nails from the single company with by far the
largest usage in our region. This ensured ease of following modifications to
implant design, evolution in the use of alternative alloys and streamlined

correlation with failure patterns.

8.8. Clinical implications

This study has already been the subject of widespread international interest,

and was named one of the top 10 most read articles of the American Journal
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of Bone and Joint Surgery (JBJS) in 2019. The research has resulted in the
formation of new local guidelines for the treatment of different fracture
patterns with different nail designs and in some institutions the use of TFNA

has diminished of even been discontinued pending further analysis.

It is opinion of the authors that the key messages from this study are:

In unstable fracture patterns (subtrochanteric, reverse oblique) that are at high
risk for non-union and subject the nail to significant forces, alternative

implants may need to be considered.

If a TFNA is used there should be consideration of close clinical and/or
radiological surveillance until confirmed fracture union in order to diagnose
a potentially failing implant and intervene prior to breakage if revision is

required.

Whilst a direct comparison wasn’t performed between breakage and non-
breakage cohorts it is postulated that reverse oblique intertrochanteric (AO
31-A3) fractures should be added to the list of known nail breakage risk

factors.

8.9. Future work

A systematic review of the literature will be undertaken to further define what

may be considered an acceptable rate of implant breakage for a given
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prosthesis. This will then inform a breakage rate comparison study linking the

insertion data to the full CITRA retrieval log of implants.

Time to failure appears to be more rapid in the TFNA and this will be directly

compared in a further investigation.

Ideally, a prospective randomised controlled trial between the different
brands and models of implants would more definitively answer the question
of which implants have a higher breakage rate. Such a study would also
benefit from looking at all modes of failure with an overall failure rate, as
implant cut out and loss of position are alternative failure modes with very

similar consequences such as pain and likely revision surgery for the patient.

The authors have received formal feedback from DePuy Synthes that surgeon
error is a likely contributor to local rates of implant failure through damage
to the proximal aperture during the insertion of a cutting drill. This would be
an analysis amenable to more in-depth investigation as it is a novel field that
has not before been reported on nor explored, and would include an
assessment of ‘normal’ insertional damage during the appropriate insertion of

a nail in a clinical fracture fixation setting.

Finally, if there is a difference in fatigue resistance or strength between
implants, then a cyclical loading test run by an independent facility such as
CITRA would be a sound biomechanical method to directly compare nail

behaviour under experimental conditions.
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8.10. Conclusions

This thesis explores the historical and more recent evolution of nail
development and regional usage patterns. It provides a comprehensive
assessment of a range of recent implant failures from both a clinical and
laboratory/biomechanical perspective. It should increase the level of
awareness of the international orthopaedic community with regards to the
features and mode of breakage of the novel TFNA implant. Changes to the
nail design and/or alloy may have contributed to this series of observed
breakages. We advise vigilant clinical and radiological surveillance of
patients with unstable hip fracture patterns who undergo osteosynthesis with
a TFNA and recommend against revising a broken TFNA to a second TFNA

implant which appears to have a higher than acceptable rate of re-breakage.
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Implant Fracture Analysis of the TFNA Proximal
Femoral Nail

Anton Lambers, MBBS, BMSc, DipMgt, Bertram Rieger, MD, Alan Kop, PhD, MSc, PostgradDip, BAppSc,
Peter D’Alessandro, MBBS(Hons), FRACS(Ortho), FAOrthA, and
Piers Yates, MBBS, BSc, MRCS, FRCS(Tr&Orth), FRACS(Ortho), FAOrthA

Investigation performed at the Department of Orthopaedic Surgery, Fiona Stanley Hospital, Perth, Western Australia, Australia

Background: Mechanical failure of intramedullary nails is rare. This investigation was prompted by a series of cases of
observed breakage of the recently introduced TFNA Proximal Femoral Nailing System (TFN [Trochanteric Fixation Nail]-
Advanced; DePuy Synthes) in our region. Laboratory analysis and case data are presented, in contribution to post-market
surveillance.

Methods: Medical and imaging records from the 3 public tertiary orthopaedic trauma hospitals in Western Australia were
reviewed. Relevant data of patients in whom breakage of the TFNA implant occurred between 2016 and 2018 were
collected and analyzed. Laboratory review of retrieved implants was conducted at the Centre for Implant Technology and
Retrieval Analysis (CITRA) in Western Australia.

Results: A total of 16 cases of TFNA implant breakage were recorded and analyzed. The predominant OTA/AO fracture
classification was 31A3 (12 cases, 75%). The reduction quality was good in 10 cases, acceptable in 4 cases, and poor in
2 cases. The mean time to failure (and standard deviation) was 5.0 + 2.2 months (range, 2.2 to 9.8 months). The
treatment modality for the breakage was revision nailing in 11 cases, arthroplasty in 3, and nonoperative management in
2. All nails broke at the proximal screw aperture, with 1 nail additionally breaking at the distal aperture. Of 8 patients
treated with a second TFNA implant for nail breakage, 3 (38%) returned with breakage of the revision implant. Laboratory
analysis of the broken nails demonstrated a unique fracture pattern, with a stepped propagation pathway.

Conclusions: This study represents the largest series, to our knowledge, of proximal femoral nail breakages in the
published English literature and is the first that we are aware of to involve laboratory analysis of the TFNA implant. Changes
to the nail design and/or alloy may have contributed to the observed cases of breakage, and this study will be followed by
an evaluation of breakage rates in comparison with those of previous generations of nailing systems. We advise close
clinical and radiographic surveillance of patients with unstable hip fracture patterns who undergo osteosynthesis with use
of a TFNA implant.

Level of Evidence: Therapeutic Level IV. See Instructions for Authors for a complete description of levels of evidence.

ip fractures are common and are associated with Intramedullary nails are frequently employed in the treat-
patient mortality as well as high economic burden. | ment of proximal femoral fractures. Implant-related compli-
The overall health-care cost per patient is approxi- cations include peri-implant femoral shaft fracture, loss of

mately $44,000 (USD) in the first 12 months following fracture, fixation, osteonecrosis, nonunion, infection, and pain™. Me-
with an annual total burden of nearly $17 billion in the United | chanical failure of the implant in the form of nail breakage is
States"’. The number of fractures and their associated cost are | rare but may result in substantial morbidity for the patient. A
anticipated to rise’. cohort that is generally frail and elderly is subjected to a second

Disclosure: This research was supported by an Australian Government Research Training Program (RTP) Scholarship through the University of Western
Australia Master of Surgery program and was undertaken in collaboration with the Orthopaedic Research Foundation Western Australia (ORFWA). On the
Disclosure of Potential Conflicts of Interest forms, which are provided with the online version of the article, one or more of the authors checked “yes” to
indicate that the author had a relevant financial relationship in the biomedical arena outside the submitted work and “yes” to indicate that the author had
other relationships or activities that could be perceived to influence, or have the potential to influence, what was written in this work (http://links.lww.
com/JBJS/F172).
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operative procedure and further rehabilitation, along with
additional financial burden. Risk factors for nail breakage
include young age, a low ASA (American Society of Anesthe-
siologists) grade (I to II), subtrochanteric fracture, and path-
ological fracture’. In the majority of cases, breakage occurs at
the proximal aperture for the cervicocephalic screw.

The TENA Proximal Femoral Nailing System (TFN [Tro-
chanteric Fixation Nail]-Advanced; DePuy Synthes) was introduced
to the global market in 2015 and is made from a titanium-
molybdenum (TiMo) alloy (Ti-15Mo)°. The TFNA was first
used in Western Australia on March 1, 2016, and is still in use
locally and internationally. TiMo is said to provide improved
fatigue resistance and strength compared with TAV (titanium-
aluminum-vanadium, Ti-6A1-4V) and TAN (titanium-aluminum-
niobium, Ti-6Al-7Nb) alloys, according to biomechanical testing
data from DePuy Synthes Trauma’. TiMo has also been shown to
have a lower elastic modulus compared with TAV (78 versus 112
GPa), meaning that it should behave more like the surrounding
cortical bone’. The TFNA offers both blade and screw fixation of
the femoral head with sliding or static locking.

The introduced features include a 1.0-m-radius bow and a
smaller proximal nail diameter of 15.66 mm. The BUMP CUT
design is said to improve fatigue strength and is a protuberance in
the middle portion of the proximal aperture on the lateral side on
both the anterior and posterior rims (Fig. 1, “A”). Also introduced
was the LATERAL RELIEF CUT, whereby the lateral portion of
the proximal nail is progressively removed from proximal to
distal, leaving a flattened rather than cylindrical shape, to preserve
bone (Fig. 1, “B”)°. With the LATERAL RELIEF CUT, the
diameter at the level of the proximal aperture is further reduced to
as low as 13.4 mm depending on the distal nail width®. The vol-
ume of alloy within the wall of the proximal nail is also reduced
compared with previous nails by the presence of a cannulated
built-in set screw above the aperture and a threaded space below
it, to assist with device removal in case of implant breakage.

After a series of cases involving implant breakage were re-
ported at the orthopaedic trauma units in Western Australia, this
study was initiated to investigate the patient and surgical charac-
teristics and evaluate the associated laboratory retrieval data.

IMPLANT FRACTURE ANALYSIS OF THE TFNA PROXIMAL FEMORAL
NAIL

Materials and Methods

multicenter investigation was set up across the 3 public

tertiary orthopaedic trauma hospitals in Western Aus-
tralia. A highly concentrated and geographically isolated pop-
ulation facilitated effective data collection. Locally explanted
orthopaedic devices from all hospitals are submitted for anal-
ysis to a central, government-funded institution known as
CITRA (Centre for Implant Technology and Retrieval Analy-
sis). Implants are collected, analyzed, and reported on, with
>10,000 retrieved prostheses in storage.

We conducted an analysis of retrieved TENA Proximal
Femoral Nailing System implants that had fractured. Evalua-
tion of the fractured nails included qualitative macroscopic
analysis, optical stereomicroscopy (Leica MZI10; Leica),
microstructural and microhardness assessment (Orthoplan;
Leitz and DuraScan; Struers), and scanning electron micros-
copy (SEM) of fracture surfaces (NeoScope; JEOL).

Patient files were individually reviewed. Data retrieved
from hospital medical records included age, sex, body mass
index (BMI), ASA grade, admission diagnosis, mechanism of
injury, implant details, procedure details, treatment, and time
to failure. Radiographs were independently assessed by 2 of the
authors (PY. and A.L.) both to classify the original fracture
pattern according to the OTA/AO fracture classification system’
and to qualitatively assess reduction quality, as described by
Baumgaertner et al.'’. All operations were performed by the
Orthopaedic Trauma Consultant, Trauma Fellow, or Ortho-
paedic Registrar under supervision.

Quantitative data were analyzed using Excel for Mac 2016
(Microsoft). Institutional ethics approval was received prior to
commencement of the study.

Results

Patient Cohort

At the time of writing, there were 16 reported cases of TFNA
implant breakage (13 patients) in our region between

2016 and 2018. Demographic and clinical data are summarized

in Table I. There were no pathological fractures. Clinical

information by individual case is presented in Appendix I.

Fig. 1

Photograph of the anterior surface of the proximal portion of a broken nail. “A” indicates the BUMP CUT, and the dashed line (“B”) indicates the LATERAL RELIEF CUT.
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Fracture and Treatment

Assessment of fracture reduction, breakage information, and
subsequent management are summarized in Table II. Classi-
fication of the original fracture pattern according the OTA/AO
system showed that fractures were predominantly intertro-
chanteric (reverse oblique), followed in prevalence by multi-
fragmentary pertrochanteric fractures and subtrochanteric
fractures. No breakage in cases of a simple pertrochanteric
fracture pattern were seen.

Following the index procedure, all patients had been
allowed to weight-bear as tolerated with the use of a gait aid, if
required. Postoperative physiotherapy focused on functional
rehabilitation including transfers, mobility, sitting out of bed,
balance, and reducing the risk of falling. Specific high-load exer-
cises, such as straight-leg raises or squats, were not prescribed.

Two patients with minimal displacement of the fracture
despite nail breakage declined further surgery. In 11 cases,
breakage was treated with a revision nail: the TFNA implant
was used in 8 of these revision cases; the AFN (Antegrade
Femoral Nail; DePuy Synthes), in 2 cases; and the PFNA
(Proximal Femoral Nail Antirotation; DePuy Synthes), in
1 case. Of the 8 patients treated with a TENA nail on revision, 3
patients (38%) returned with breakage of the revision implant.
These are Cases 2, 4, and 11 in the Appendix, returning as Cases
9, 10, and 14, respectively. Radiographs from Case 3 are shown
(Figs. 2 through 5).

TABLE | Summary of Demographic and Clinical Information

(N = 16 Cases)

Parameter Value

Sex (no.)

Female 11

Male 5
Age* (yr) 79.4 + 9.3 (59-94)
BMI* (kg/m?) 26.4 + 3.3 (22-33)
ASA grade (no.)

2

3 7

Diagnosis (no. [%])

Hip fracture 11 (69%)

Broken implant 5 (31%)
Mechanism (no. [%])

Fall 12 (75%)

Atraumatic 4 (25%)
OTA/AO classification (no. [%])

31A3 12 (75%)

31A2 2 (13%)

32A2 1 (6%)

32C3 1 (6%)

*The values are given as the mean and standard deviation, with
the range in parentheses. Age is at the time of implant breakage.
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TABLE Il Assessment of Fracture Reduction, Breakage

Information, and Subsequent Management

Parameter Value

Reduction quality* (no. [%])

Good 10 (63%)

Acceptable 4 (25%)

Poor 2 (13%)
Reduction method (no. [%])

Open 9 (56%)

Closed 7 (44%)
Nail length (no. [%])

Long 9 (56%)

Short 7 (44%)

Time to breakaget (mo) 5.0 £ 2.2 (2.2:9.8)

Mechanism of breakage (no. [%])

Atraumatic 14 (88%)

Fall 2 (13%)
Breakage site (no. [%])

Proximal aperture 15 (94%)

Proximal + distal apertures 1 (6%)
Diagnosis (no. [%])

Delayed union 11 (69%)

Nonunion 5 (31%)
Management (no. [%])

Revision nail 11 (69%)

Arthroplasty 3 (19%)

Nonoperative 2 (13%)

*Assessed according to the criteria of Baumgaertner et al.™®. TThe
values are given as the mean and standard deviation, with the
range in parentheses.

Implant Analysis

Macroscopic Analysis

In all cases, nail breakage occurred at the proximal aperture,
with 1 nail additionally breaking at the distal aperture.
Breakage occurred with both the blade and screw options for
head fixation, with blade fixation having been used in the
majority of cases at the time of data collection. Macroscopic
analysis of the nails primarily revealed a tortuous crack
failure path, with all nails showing multiple secondary cracks
stemming from the fracture surface. In this regard, for sev-
eral nails, small pieces of alloy were missing from the frac-
ture surface, indicative of multiple crack pathways. Of note,
in all cases, part of the failure path included a fracture that
ran parallel to the long axis of the nail (Fig. 6). In all implants,
the fracture origin was at the point of, or adjacent to, the thinnest
cross-section of the nail, generally on the lateral aspect of the device
associated with the LATERAL RELIEF CUT and BUMP CUT
design features of the proximal hole. None of the nails showed
intraoperative or insertional damage in that the edges of the
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Fig. 2
Anteroposterior (Fig. 2-A) and lateral (Fig. 2-B) radiographs demonstrating a proximal femoral fracture.

Fig. 3
Intraoperative fluoroscopic radiographs at the time of nail insertion.
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Fig. 4
Anteroposterior (Fig. 4-A) and lateral (Fig. 4-B) radiographs demonstrating implant breakage.

Fig. 5
Anteroposterior (Fig. 5-A) and lateral (Fig. 5-B) radiographs following revision nailing.
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Fig. 6

Figs. 6-A through 6-D Typical appearance of a fractured TFNA implant. Figs. 6-E and 6-F Microstructures of the DePuy Synthes TFNA (Fig. 6-E) and PFN
(Fig. 6-F) nails. Figs. 6-G and 6-H SEM images of the horizontal (Fig. 6-G) and vertical (Fig. 6-H) fracture surfaces, highlighting fatigue striations and a

surface ridge.

aperture both medially and laterally appeared unaltered outside of
the crack pathway.

Microscopic Analysis

The phases (microstructure) of titanium alloys in the solid
state can be alpha, beta, or alpha-beta. Alpha phase refers to
a crystalline structure that is closely packed and hexagonal
in shape. Beta phase is a cubic structure that is body-
centered. The TiMo alloy of the nail conforms to ASTM
2066 (ASTM International) and can be manipulated by
processing conditions to produce these various structures'.
In the present analysis, the microstructure consisted of a
fine equiaxed alpha structure in a beta structure (alpha-
beta), which is indicative that the alloy had been worked in
some way, as expected in the production of an intramed-
ullary nail'>*.

Microhardness
Microhardness was evaluated by sequential testing traversing
from the outer to the inner diameter. Of note was a decrease in
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hardness from the outer surface to the middle of the cross-section
and then a slight increase in hardness at the inner surface.

SEM Analysis

SEM of the fracture surfaces was confounded by the tortuous
fracture path with “vertical/axial” fracture faces, which is in
contrast to the more commonly observed planar fracture sur-
face of other failed intramedullary proximal femoral nails.
Fatigue striations were observed on all nails as expected, while a
noticeable surface ridge was also present, which corresponded
to the microhardness results.

Discussion

his investigation included an analysis of demographic

information, radiographic findings, and retrieval data
from the largest series, to our knowledge, of proximal femoral
nail breakages in the published English literature and was the
first study that we are aware of to involve laboratory analysis
of the TFNA implant. The regular collection and analysis of
cases of implant breakage across a large yet geographically
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isolated population through the availability of a centralized,
independent implant retrieval center underpins the strength
of this study. As a result, our findings may represent the early
detection of an implant issue that has not yet been recognized
elsewhere.

Similar to other published cohorts of nail breakage, the
fractures were mostly of unstable patterns, producing more
substantial stresses for the nail. At the time of writing, no
simple pertrochanteric type fractures (OTA/AO 31A1) had
demonstrated implant breakage in our service area, with
unstable reverse oblique fractures representing the majority of
nail failures. While a comparison was not performed between
cohorts with and without breakage, on the basis of our find-
ings, we postulate that reverse oblique intertrochanteric (AO
31A3) fractures should be added to the list of nail-breakage risk
factors identified by Johnson et al.’.

The mean time to failure of 5 months appears to be
briefer than previously observed in our implant retrieval
database and will be analyzed in a future study. Although
reduction quality is an important predictor of mechanical
failure, it was noted that the majority of the patients, in fact,
had well-reduced fractures at the time of the index surgery. The
patient cohort also had a near-normal mean BMI.

In our relatively small sample of 8 patients treated for
intramedullary nail breakage with a revision TFNA implant, a
greater than 1-in-3 rate of repeat implant breakage was
observed. Other implant choices may be advisable in a revision
setting, including other nails or conversion to arthroplasty. In
patients presenting with persistent pain despite normal radi-
ographs, computed tomographic (CT) scans are recom-
mended, as 2 cases of implant breakage were radiographically
subtle on plain radiographs.

Regarding the mechanics of fracture with this device, it
became apparent from the laboratory evaluations that the
implant fracture pathway was considerably different from that
of retrieved intramedullary nails that have been evaluated in
our laboratory for >40 years. While all of the fractures initiated
at the thinnest cross-sectional location and generally on the
lateral aspect of the nail, which is similar to that seen with other
devices, there were multiple crack pathways, some of which led
to loss of small “pieces” of metal from the fracture surface. In
addition, we are aware of no retrieved device other than the
TFNA with a fracture pattern involving a stepped propagation
pathway, whereby a planar crack arrested, changed planes by
90°, progressed, arrested, and then changed planes again by 90°
until final failure. We hypothesize that a superimposed sub-
structure of alpha and beta phases in the microstructure led to
arresting of the crack pathway and the change in direction.

An earlier theory was that malalignment of the aiming
device for the stepped reamer for the proximal screw or blade
may have caused intraoperative damage to the proximal aper-
ture in the nail, thereby predisposing the nail to failure; how-
ever, such damage was not seen on the retrieved implants. The
microhardness and SEM results confirmed surface hardening
and the presence of a surface ridge, which demonstrate that the
alloy has been anodized, an expected finding.
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There were multiple changes in prosthetic design that
occurred simultaneously with a change in alloy choice for
the TFNA, confounding any definitive analysis of failure.
We hypothesize that the reduced cross-sectional area of the
TFNA at the level of the proximal screw aperture compared
with its predecessors may be of importance in the observed
cases of breakage. This results from a combination of both
the reduced nail width from the LATERAL RELIEF CUT and
the reduction in proximal nail wall thickness.

This article should increase the level of awareness of the
international orthopaedic community with regard to the ap-
propriate use and follow-up of patients treated with the TFNA
implant. Changes to the nail design and/or alloy may have
contributed to this series of cases with observed breakage.
Given the relatively small sample of cases, this study will be
followed by an analysis of breakage rates and overall revision
rates compared with those of previous generations of nail-
ing devices. Nevertheless, we advise vigilant clinical and
radiographic surveillance of patients with unstable hip frac-
ture patterns who undergo osteosynthesis with use of a TFNA
implant.

Appendix

@ Supporting material provided by the author is posted
with the online version of this article as a data supplement

at jbjs.org (http://links.Jlww.com/JBJS/F173). m
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Appendix B: Patients with TFNA Breakage

Patient and radiographic factors for the cases of TFNA implant breakage

Age* | BMI Mechanism Time | Mechanism
Case | Sex & 51| ASA | Diagnosis for Index AO Reduction | Method | Cable | Implant Site Diagnosis | Revision Implant®
(yr) | (kg/m?) Injury (m) | of Breakage
. Mechanical 31A 125°, 235x10mm, . Proximal | Non- 130°, 235x12mm, 95mm
! F 70 24 2 Hip fracture fall 2.2 Good Closed | No 100mm blade 8.6 | Atraumatic aperture | union blade + cement (TFNA)
. Mechanical 31A 125°, 235x11mm, . Proximal | Delayed 130°, 380x14mm, 110mm
2 2 2 .
F 77 7 Hip fracture fall 3.3 Acceptable | Open Yes 105mm blade 3.4 | Atraumatic aperture | union blade + cement (TFNA)
. Mechanical 31A 125°, 235x11mm, . Proximal | Non- 130°, 235x12mm, 105mm
3 M 87 25 3 Hip fracture fall 31 Good Open Yes 105mm blade 2.8 Atraumatic aperture | union blade (TENA)
. Mechanical 31A 125°, 360x12mm, . Proximal | Delayed 130°, 360x14mm, 85mm
2 2 .
4 F 7 4 3 Hip fracture fall 3.3 Good Open Yes 90mm blade 3.6 | Atraumatic aperture | union blade + cement (TFNA)
. . 31A 125°, 235x10mm, Mechanical | Proximal | Non- 125°, 320x11mm, 90mm
5 F 59 33 2 Hip fracture Atraumatic 32 Good Closed | No 85mm blade 5.6 fall + distal union blade (TENA)
i 1 125°,2 1 i D
6 F 89 29 2 Hip fracture Mechanical 31A Good Closed | No >, 235x10mm, 6.5 Atraumatic Proximal e'layed Non-operatively managed
fall 2.2 90mm blade aperture | union
7 F 94 30 3 Hip fracture Mechanical 31A Good Open Yes 130°, 360x12mm, 39 Atraumatic Proximal De'layed 130°, 360x12mm, 85mm
fall 3.1 85mm screw aperture | union screw (TFNA)
3 M 79 2 3 Broken PENA Mechanical 31A Good Open No 130°, 235x12mm, 38 Atraumatic Proximal De'layed 400x14mm, 115 & 105mm
fall 3.3 110mm screw aperture | union recon screws (AFN)
9 Fol77 |27 2 | Broken TENA | Atraumatic | - | Good Closed | No | 1307,380x14mm, |, o 1y umatic | Troximal | Delayed | 360x14mm, 115 & 120mm
3.3 110mm blade aperture | union recon screws (AFN)
. 31A 130°, 360x14mm, . Proximal | Non- Total hip replacement
10 F 72 24 3 Broken TFNA Atraumatic 33 Acceptable | Open Yes 85mm blade 4.6 | Atraumatic aperture | union (Zimmer ZMR)
. Mechanical 31A 130°, 360x10mm, . Proximal | Delayed 125°, 380x12mm, 85mm
11 2 2 2.2
M 74 8 Hip fracture fall 3.3 Poor Closed | No 105mm blade Atraumatic aperture | union blade (TFNA)
. Mechanical 31A 125°, 380x11mm, . Proximal | Delayed 130°, 360x12mm, 85mm
12 2 22 2 .
F 8 Hip fracture fall 3.3 Good Open Yes 95mm blade >6 | Atraumatic aperture | union blade (TFNA)
. Mechanical 31A 125°, 235x11mm, . Proximal | Delayed 125°, 200x12mm, 105mm
1 22 2 .
3 F 9 Hip fracture fall 3.3 Acceptable | Closed | No 105mm blade 3.8 | Atraumatic aperture | union blade + cement (PFNA)
. 31A 125°, 380x12mm, Mechanical | Proximal | Delayed | Total hip replacement
1 2 2 B .
4 M 75 8 roken TENA | Atraumatic 3.3 Poor Open Yes 85mm blade >4 fall aperture | union (Zimmer ZMR)
. Mechanical 32C 125°, 380x11mm, . Proximal | Delayed .
15 F 90 31 3 Hip fracture fall 3i Acceptable | Open Yes 90mm blade 7.2 Atraumatic aperture | union Non-operatively managed
16 M 92 2 3 Broken PENA Mechanical 32A Good Closed No 130°, 380x14mm, 9.8 Atraumatic Proximal No'n— Tgtal hip replacement
fall 2a 100mm blade aperture | union (Zimmer ZMR)
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