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Abstract

Postoperative periprosthetic femoral fractures (POPFF) increase morbidity and mortality,
and premature failure of hip replacements. POPFF is most likely after cementless femoral
stem implantation and are caudsdintraoperative and pesperative injury. Prevention

of POPFF may be possible by modifying implant selection, design and use.

Propensity matched survival analysis of 4831 intraoperative periprosthetic femoral
fractures (IOPFF) from the National Joinegitstry of England, Wales and the Isle of Man
(NJR) identified increased risk of POPFF revision and mortality when compared to
propensity matched controls. IOPFF risictor modelling using 793977 primary total hip
replacements identified that cementlemsiéral implants doubled the risk of any IOPFF,

but particularly calcar and shaft fractures. A novel debigeed analysis of 349161
cementless hip replacements from the NJR identified stem features which were associated
with increased risk of POPFF with®0-days, including: collarless design, mineralised

and porous coatings, and triglegpered stem bodies.

A novel manual segmentation method to analyse POPFF fracture patterns was developed
and used to analyse a series of 125 cases from four large Ukescentis analysis
demonstrated that POPFF within 90 days occurred almost exclusively around the femoral
stem, probably as a result of rotational and axial forces. Experimental simulation of early
POPFF in paired cadaveric femurs established that the feqeéred to fracture was
increased when a calcar collar was present. Further testing revealed that the increased
fracture resistance during simulation was dependent on aaitfar contact and was most

likely when the initial separation was 1 mm or less.

A strong relationship between femoral implant design and risk of subsequent POPFF
exists. The ability to associate specific design features with clinical outcomes and ratify
the findings with experimental methods will help to develop this field furthemapibve

implant use and design for future generations of patients with hip replacement.
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Chapter 1 Introduction

1.1 Justification of the subject matter

Since the first recognisable total hip replacemdmtdR) performed by Sir John
Charnl ey i (Gomezhaad Mbreuerl®, 2003he success of the THR has
relied upon the dependatpain relief afforded to patients with hip péifatterson and
Brown, 1972 Todd et al., 1972 The clinial effectiveness and implant survival of the
THR has improved steadily ovéme as a result of successive improvements in the
technology andurgical techniquéLearmonth et al., 2007Modern THR is a highly
costeffective operation for engtage #hritis (Fordham et al., 2012enkins et al.,
2013 and the majority of THRs can now be expected to28syeargEvans et al.,
2019. This benefits recipients of THR in the older orthopaedic cohort but also allows
the use of THR to a broader cross section of younger and more dempatiemds

with endstagehip arthritis.

Improvements in survival of THR due to a reduction in common failure modes has led
to a shift in focus onto previously less common failure modes, such aspevative
periprosthetic femoral fractuf@OPFF. POPFFoccur as a result of intraoperative
fracture or injuries such as a fall from standing height or a stubb et al., 2016b
Lindahl et al., 2006a¥oon et al., 2016Lindahl et al., 200band a majorityoccur in

the early posbperative period, particularly after cementless stem implantation
(Gromov et al., 20L7Yoon et al.,, 2016 Capello et al.,, 2014 At five years the
incidence of POPFFis approximately 1% and cumulative incidence RDPFF
between 2.1% for cemented stems and 7.7% for cementless stems asZ8haeal

et al., 2016bMeek et al., 20L1Chatziagora et al., 2018 In Australiag where THR

have been predominantly performed using cementless PERFFs now the most
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common cause of revision following THROANJRR, 2019. POPFFincidence is

predicted to increase over the next 30 years as a resuliageargpopulation(Pivec

et al., 2015

OncePOPFFhas occurregda vastmajority of patients require major surgery which is
associated with large volume blood loss and an increased riglostbperative
mortality (Gitajn, I.L. et al., 201 Once complete the patient must then endure a
substantial risk of reoperation which is reported to be asds@8%(Lindahl et al.,
20060. The overall mortality followind®OPFFapproaches that of hip fracture, which
affects a similar cohort of frail patien(Bhattacharyya et al., 200Griffiths et al.,

2013h Haughom et al., 2038

Practical considerationmsay affect the likelihood aduccessful treatment. Successful
treatments may & best performed by high volume surgeons with a subspecialist
interest in hip revision surge(iatz, Jeffrey N. et al., 2003This may necessitate the
referral and transfer of a patient to a hospital capable of providing appropriate care. In
addition, evidence suggests that the delay betw€aAFFand surgery is associated

with patient mortality following®OPFHGriffiths et al., 2013 Specialist centres are

also undeincreased pressugnce surgial treatment foPOPFFis the most costly

single stage revision procedyianhegan et al., 20)2These factors contribute to a
uniquely intense burden on health care systems. Given the poor outcomes of treatments
for POPFFand the demands placed &we thealthcare providers, preventiorP@PFF

is perhaps the best strategy to reduce patient harm.

Many clinical studies have attempted to quantify the risk@PFFassociated with
various patient, surgical, implant and other varialdeslentify possibletargets for
prevention strategies. Patient factors associated with increasing ASKR#iHNnclude

increasing age at primary THRhien et al., 2014Meek et al., 2011Watts et al.,
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2015 Cook et al., 2008Berend K.R. et al., 201pPalan et al., 20t@roden et al.,
2015 Chatziagorou et al., 2018bncreasing American Society of Anesthesiologists
grade(ASA) (Singh, J.A. et al., 20)3standardised emorbidity scoreqSingh, J.A.

et al., 2013 osteoporosigLindbergLarsen et al., 2007 heart disease, pepticcal
diseas€Singh, J.A. and Lewallen, 20l Zxon-osteoarthritis indication&hatziagora

et al., 2019bLindbergLarsen et al., 203 &Vatts et al., 2015Thien et al., 2014ard
Dorr type C morphology when using predominantly cementless ¢@romov et al.,
2017. The effect of patient sex dPOPFFrisk is mixed and has been reported to
increase with female s€®ingh, J.A. et al., 201Meek et al., 201,1Gromov et al.,
2017 Berend, M.E. et al.,, 2006LindbergLarsen et al., 20)7and male sex

(Chatziagorou et al., 2019Balan et al., 2016

Given that a majority oPOPFFoccur within the first year following surgery there is
little scope to optimise patient -oaorbidities. A more obvious target is surgical
methods and implantBirect anterior and Hardinggpproaches haveeen associated
with greater incidence of intraoperative periprosthetic femoral fraqi@®FH
(Berend, M.E. et al., 20061endel et al., 20Q2Hartford et al., 201Band anterior
approach with greater incidence ®OPFF(Panichkul et al., 20t68Vleneghini et al.,
2017. Given that IOPFF is associated with increased risk of subse&§@@REF
(Abdel et al, 2016k Watts et al., 201;5Abdel et al., 2016aand a proportion dPOPFF
are due to IOPFF, a strategy to preve@PFFshould go hand in hand withsanilar
approach to IOPFF. IOPFF dnewever,a heterogeneous group and eanhtomical
subtype is likely to have an esoteric aetiology. Currently, it is not clear which IOPFF
are most likely to lead tBOPFFand thus where the efforts to prevent IOPFéudth

be focused.
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Worldwide the use of cementless implants is increa@ivgatt et al., 201¥due to
benefits in shorter operating time and reduced incidence of aseptic loosening,
particularly in younger patientHailer et al., 201 Cementless stem fixation is
associated with a higher risk BODPFHSingh, J.A. et al., 2013bdel et al., 2016p
Thien et al., 2014Berend, M.E. et al., 20Q0&indbergLarsen et al., 20)and IOPFF
(Abdel et al., 2016PAbdel et al., 2014Nowak et al., 2012Abdel et al., 2016&Berry,

1999. The increased risk of IOPFF is possibly associated with the forceful rasping
which is necessary to generate appropriate giessquired for cementless stem
function (Jasty et al., 1994 The mechanism linking cementless stem®@PFFis
unclear. Since a majority ®#OPFFoccur within the first six months, intraoperative
injury and the press fit biomechanical environment prior to osseointegration may
contribute. The risk o0POPFFaround cementless stems varies by stem bfEnieén

et al., 2014 Brand comparison is not always use$uice the design of a sterarc

differ significantlyunder the same branding. A recent systematic rewsng the stem
design groups proposed by the Mont gr@ipanuja et al., 20)Xoncluded thisingle
wedge and double wedghaped stems are associated with a threefold increase in the
risk of PORFF (Carli et al., 201Y. The Mont group classification system groups stems
which are broadly similar in some general design feature, but each grouping contains
a onstellation of specific design featur&nce the underlying contribution each
design feature to risk oPOPFFis unknown, analysis of clinical data based on
classification systems will inevitably group stems which are not simiRORFFisk

profile and introduce unknown bias. A better approach may be to performinmore
depthmodelling of the components which make up each femoral stem to establish the

specific risk factoref each design featufer POPFE

The relationship between stem design charatics andPOPFFrisk has been

investigated to some extent using biomechanical testing of cemented stems
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(Morishima et al., 2014Ginsel et al., 200band cementless steni¥ones, C. et al.,

2015 Bishop et al., 20L1,QJakubowitz et al., 2009dakubowitz et al., 2009#Kannan

et al.,, 2014 Olsen et al., 2070 This approach allows corroboration lofpotheses
derived fromretrospective clinical data, which is an important step towards the
inference of causation. Resulb$ biomechanical studieare difficult to interpret
becauseomparisons are mathetween stems whenaultiple design differences exist

or because of heterogeneous methodology and outcome@sures The major
drawback of biomechanical testing is that the most likely mechanis®BFFare
unkmown so that the simulation method BOPFFin vitro is difficult to validate.
Current research attempts to mimic fracture patterns seen iR@€dtFcases with a
subjective comparison of similarifginsel et al., 201;53Morishima et al., 2014 Such
approaches are in part due to the lack of a reproducible method to quantify fractures
which occur inPOPFFand conpare them to those which occur in laboratory

simulations.

POPFFrepresents an important complication of low energy injuries in older frail
patients. Patients often require major surgery and are at a significantly increased risk
of death and complicationg.he overall economic impact &?fOPFFtreatment is
considerable and the demand for such treatment is likely to grinefature. Patient
related risk factors are reasonably well understood but are largelynodifiable
owing to the early onset (#fOPFFfollowing THR and the inherent nature of most
known risk factors. Modification of implants and surgical technique used in THR
appear to bea reasonablehoice br risk reduction following THR. fie available
evidence on which to make modifications is pdlay.advance science in this area a
new approach is required to gain insight into the effect of specific implant designs on
the risk o POPFE New methods should aim to define the risk associated with implant

design features using clinical data. Hypothesesegarding commonPOPFF
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mechanisms should also be develgmadthat hypotheses can be corroborated with

biomechanical testing, which accurately simulate comRORFFMechanisms.

1.2 Hypothesis and overarchingaim of the thesis

The hypotheses explored in thiesis are:

Risk of POPFF is increased followinglOPFF and the risk is dependent on the

anatomical structure which is subject tolOPFF.

Risk of POPFFis dependent on the design of the cementless femoral stem used in

primary THR.

This thesis describes a pragh of work which explores the contributionl®PFFand
cementless femoral implant design to the occurrencBQPFFin the context of
patient, surgical and implant related risk factors. This thesis aims to develence
basedhypotheses to explain threlationship betweetOPFFand POPFFand which
design features of cementless femoral implants are associated with ind?&42ied
risk using statistical models derived from large dataSéts. likely mechanisms of
injury leading to POPFF will be estimatesing radiographic analysis akigpotheses

will then be tested using valid biomechanical analyses.
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Chapter 2 Literature review

The content of thishapteihas been used in part or wholéhefollowing publications:

King SW,Lamb JN, Cage ES, Pandit HPeriprosttetic femoral fractures following

total hip and total knee arthroplastylaturitas 117:12-5, Nov 2018

Ramavath A, Palan Lamb JN, Pandit HG, Jain SPostoperative periprosthetic
femoral fracture around total hip replacements: current concepts and dlinica

outcomesEFORT Open ReviewsISSN 23967544(In Press).

2.1 Defining periprosthetic fractures of the femur

For the purposes of this reviepostoperative periprosthetic femoral fractures
(POPFH will be used to describe fractures of the femur which aegnised
following hip replacement surgefy OPFFcan take a variety of forms, some of which
have no existential consequences for the patient and some with very grave
consequences indeed. This chapter will focus almost entirdBQd*+Fwhich most
significantly affect the health of patients with hip replacement. For clarity this review

will focus on Vancouver grade B and C fractures unless there is sufficient evidence of

an effect on patientos heé@lgard2-1)t o di scuss



Figure 2-1 Vancouver classification system. Labels indicate Vancouver class: A is
greater tuberosity or lesser tuberosity avulsion fracture, class Bl indicates
fracture at level of stem with a weHfixed stem, B2 indicates fracture at level of
the stem with loose stem, B3 indicates a fracture at the level of the stem with a
loose stem and poor quality bone and C indicates fracture below the level of the
stem.

2.2 The typical patient population

The mean age of a patient WRIOPFHs 74.0 to 83.0 yea(€ox et al., 2016Ehlinger
et al.,2015 Katz, J. N. et al., 20%14.indahl et al., 2005Chatziagorou et al., 2019a
Shields et al., 2004The majority of patients witROPFHn the literature are females
(Cox et al., 201pKatz, J. N. et al., 20314arvilinna et al., 20QEhlinger et al., 2015
Chatziagorou et al., 20198hields et al., 2024In two retrospective studideom the

United States of AmericdUSA), 43 to 69% of patients lived in their own



-9-
accommodation19% in retirement home and 12% in an instituiighlinger et al.,

2015 Shields et al., 2034In the Unted Kingdom (UK, 877 96 % ofPOPFFpatients

were reported to live in their own horfi@utton et al., 2018Ruiz et al., 200D Patients

with POPFFhad a pe-fractureParker mobility score of three to five out of niméhich
represents a severe to moderate restriction in indoor and outdoor m@higyds et

al., 2014 Kuiper and Huiskes, 199.This information depicts group of patientsvho

are commonly female, elderlyd have a significant reduction in prgury mobility.

These features are likely to reduce the capacity of patients to endure lengthy surgery,

reoperation and further reductions to mobitaused byPOPFFE

2.3 Incidence

Total volume of periprosthetic fraates undergoing treatment with revision under the
jurisdiction of the NJRNational Joint Registry of England, Wales, Northern Ireland
and the Isle of Mn) is estimated to be at least 750 cases gMa#ional Joint Registry,
2019. The overall burden, including estimated cases treated with fixation and no
surcery, is likely to reach over a thousand cases annuating estimates from the
Swedish National Arthroplasty Regis{@hatziagorou et al., 2018n the USAduring

the first 11 months of 2013, there were an estimated dd&€&s oPOPFHReeves et

al., 2019. The exact incidence ®OPFHs difficult to establish as the reported cohorts
are heterogeneous and incidence tendsdease in older frailer patients and with
cementless stem u@landahl, 2007. In high risk patients, the incidenceRIOPFFas

been reported to be as high as 7.4% with a cementless stem and as low as 0.9% with a
cemented stem at a medianfiok years followup (Innguland Enocson, 20)5The

most accuratégures from large national registries, which includePDPFF estimate

the incidence of neWOPFFoetween 0.7% and 3¥eek et al., 2011Chatziagorou
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etal., 2018Gromov et al., 201;Katz, J. N. et al., 2014&6ingh, J. et al., 201&pringer

et al., 2019

POPFFincidence is concentrated in the early posérative periodGromov et al.,

2017 Thien et al., 2014Broden et al., 200)5and this effect is greatest loving
cementless stem implantation where the risk@PFFwithin the first 30 days post
operatively is ten timgthat of cemented sterf&bdel et al., 2016pb LatePOPFFave

also been mgorted to increase dramatically after ten years following cementless stem
implantation(Peitgen et al., 201%bdel et al., 20160 The cumulative probability of
POPFFhas been reported to increase exponentially to 13.2% at 29 years, becoming
the most important lorterm complication following cementless THReitgen et al.,

2019. Fractures in the third decade tend to occur in patients who have had their
primary procedure at a young age and have the greatest risk of wear related osteolysis
and loosening, which may laepredisposing factdPeitgen et al., 201 8erry, 2003.
Simulated femoral implant loosening has beeowshto reduce the resistance to

fracture in biomechanic®OPFFmodels(Harris et al., 2010

The Swedish and New Zealaadhroplastyregistries reported that thpgoportion of

first time reoperations and revisions performed R@PFFhas increased over time
(Rolfson 2017 New Zealand Orthopaedic Association, 20T%e increase iIROPFF
incidence in Swedish patients has been attributed to an increBS¥IRFincidence

in patients wer 80 years oldChatziagorou et al., 20)8Analysis of international
registry data has predicted an average increafOiRFFincidence of 4.6% every
decade over the next 30 years, largely because of an expected increase in older patients

with THR (Pivec et al., 2015
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2.4 Aetiology

POPFFare thought to originate from intraoperative injury or new injnych occurs
postoperatively. New injuries are typically caused by a fall fisiemding or sitting in
approximately three quarters of cagésmdahl et al., 2005Abdel et al., 2016p
Gromov et al., 203, Annmann et al., 20)8approximately one tenth of fractures are
reported to occur spontaneousg{yromov et al., 201;7Lindahl et al., 200pand a
similar proportion as a result of major traughandahl et al., 2006 This pattern of

injury is different to that experienced by native hip fracture patients where 98% of
fractures occur as a result of a f@Markkari et al., 1999 Most hip fractures occur
following sideways fall with direct impact on the t{iparkkari et al., 1999Given the
superficial diference in aetiology betwedPOPFFand native hip fractures it might
seem that the mechanisms and vulnerabilities of the implanted proximal femur are
different to that of the nemmplanted femur. Indeed, a biomechanical in vitro study
comparing a nativeemur with a femur implanted with @mentedfemoral stem,
demonstrated that femoral stem implantation reduces the stiffness and failure load of
the femur in a medidhteral bending configuration by up to a thiRupprecht et al.,

2015. This suggests that the presence of a femoral implant changes the mechanical
properties of the native femur asdggests thahechanisms of injurfor POPFFmay

not belike those leading to native hipdcture.

POPFFcan also be caused by intraoperative injury. A recent study using routine post
operative computed tomograp(@T) discovered occulOPFFafter cementless THR

in 11.5%o0f cases(Yun et al., 201® Fractures occurred without knowledge of the
operating surgeon and without significant difference in symptoms between those with
and without fracture. This observation gives clear evidence that intraoperative injuries

can and do occur during uneventful hip replacement operations with cementless stems.



-12-
The mechanism for intraoperative injuries is likely to follow thatQ®FFin general,
which is well documented. One of the earliest report of intraoperative fracture
mechanism is from 1975, fractures were reported to occur damagning the canal,
seating the femoral component, or manipulating the féig8goott et al., 1975 An
almost identical analysis comes receffriyn a large single centre series whEdD® FF

are noted to result primarily from compent placement then canal preparation and

trial reduction(Abdel et al., 2016p

The aetiology ofPOPFFin a population is likely to be a varying combination of
intraoperative injury, weaning of the femummplant construct and new pest
operative injury. It is possible that there are common risk factors for each of these
aetiological origins, which would possibly simplify approaches to the prevention of

POPFFoverall.

2.5 Mortality and morbidi ty

2.5.1 Mortality in general

POPFHs associated with a large increase in mortality. In a large national USA study,
in-hospital mortality was 2.6% for an average length of stay of just eight days
following POPFF(Cox et al., 2016 In this sample of over 4500 cases, 70% were
treated with open reduction and internal fixat{@RIF), 27% with revision surgery
and te remainder treated conservatively or with implant removal only. In English
studies, where the mean length of stay was 34.9 (fayge 4136), in patient
mortality was 11%(JohnsorLynn et al., 201% The trend continues over longer
follow up periods with 30 days mortality estimated at 2.7% in another large American
database study of over 5BOPFF5. Estimated mortality was 14%t three monthand

18% at ong/ear from a large American geriatric fracture registry s{&hyelds et al.,

2014). Causes of death included: respiratory failure, sepsis, ungeémnonary
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embolsm, and cancer. Deaths between tlaee 12 months were caused by cancer,
congestive heart failure and coronary artery disease. Other studies have reported one
year mortality between 11 and 23®Bhattacharyya et al., 20pEZyons et al., 2018
Mardian et al., 201 Gitajn, I.L. et al., 2017/Sayegh et al., 20)1A large retrospective
German report estimated mean life expectancy for patients foll®@RFHs just 71

months 95% conidence interval [(I62 to 79).

2.5.2 Mortality comparisons

To put this mortality into context, Griffiths and colleagues estimated that the mortality
of patients withPOPFFwas eight fold greater than for patients ugdéng aseptic

THR revision cases at six montfit3% versus 0.9%{)Griffiths et al., 2013a This

might suggest that significant differences exist betwegamga withPOPFFand other
elective revision causes. It is reasonable to equate the population of patients with
POPFRo those with native hip fracture since both patient groups tend to be older on
average and have a propensity to fall and fracture. iRatveith POPFFhave a ce
morbidity profile which is reported to be significantly better than that of patients with
fractured neck of femuiBhattacharyya eal., 2007 Boylan et al., 2018 However,

after adjustment for the comparative difference in comorbidities, there is no significant
difference in the risk of dying between the two groups at 30 daysaaone year
(Boylan et al., 2018 An American study found that patient wROPFFexperienced

a longer delay until theatre in comparison to patients witlvediip fractures, which

is likely to be due to the added requirement of subspecialist surgeons and specialist
equipmeniBoylan et al., 2018 POPFFsurgery taks longer than native hip fracture
surgery and following surgery there are greater major and minor complications, rate

of return to theatre and requirement for blood transfugitamughom et al., 2038
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2.5.3 Mortality risk factors

Increased risk of dying may arise from risk related to the patiemtinjury and the
surgery. As one might expect, deaths closely follov@PFFprobably have greater
likelihood of a causal relationship wiBOPFFand its treatmenivhereadater deaths

are more likely to represent the comorbidity profile of patients ROPFF In a large
Swedish registry study the risk of dying increased dramatically at 14 dayB@feé¢ir

and returned to a level slightly higher than that of a comparable patient without fracture
(Lindahl et al., 200y This might suggest that the physiological hit of B@PFF

injury and surgery are kep patient survival in the immediate peperative period.
Patients with greater emorbidities might be expected to tolerate this insult less well.
Perhaps unsurprisingly, wors@&SA, Deyo comorbidity score and Charlson
Comorbidity Score are all associadtith increased risk of dying following treatment

for POPFHGitajn, I.L. et al., 2017Boylan et al., 2018 Likewise, age greater than

85 years old at the time 6fOPFFis associated with a nine fold increase in risk of
dying at one year and dependent functional status are associated with a fivefold
increased risk of dying at one ygataughom et al.,, 20)8These results follow a
similar trend tothose from a large German cohort where increased mortality was
associated with patients over the age of 85 and a history of cardiac {Meadian

et al., 201Y. Larger well controlled prospective studies are required to investigate the

effect of surgical delay and risk factors on patient outcomes folloR@FF

Delay to surgery beyond 48 hours has been shown to increase the risk of dying
following native hp fracture(Klestil et al., 2018 A similar relationship could be
expected with patient awaiting surgery ROPFFE however the results are mixeal.

delay of between two and three days has been associated with an increase in mortality,
complications and a poor outcorfi@hattacharyya et al., 200@riffiths et al., 2013a

Other similar studies have failed to show any relationship between delay to surgery
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and outcomegGitajn, I.L. et al., 201;7JohnsorLynn et al., 2016Boylan et al., 2018

Most ofthe current evidence regarding delay to theatrd mortality originates from

the USA, where the delay to theatre may be just one to two days. Findings may be
quite different when comparing the outcomes of patients who may be waiting greater
than three to four days for surgery in tdational Health Swice (NHS) (Johnson

Lynn et al., 2018 In addition, investigating delay to theatre and the associated
morbidity is prone to confounding because patients who are less fit for theatre may
require delayor optimisation prior to surgery. This would have the effect of artificially

increasing mortality in patients whose surgery appears to be delayed.

The relative rorbidity and outcomes for treatment approaches has been the subject of
much interest. Gitajeet al conducted a retrospective comparison of treatment and
outcomes betweeROPFFtreated by revision THR dixation. There was a longer
delay tosurgery 4.0 \s. 2.3 days), larger estimated bldods (1236 vs. 627 cc), and

more red blood celisansfusedd.1 vs. 3.0 units) for those treated with revision. There
was a small nosignificantpatientsurvival benefit for those treated with revision at
one and fiveyears posPOPFF In a similar comparison using a large databies®

the USA, Reeves and colleagues found a much |8@«iay mortality rate associated

with fixation versus revision treatments BOPFF(2.3% versus 4.3%). A clinical
retrospective studfrom Marseille, France, also foungatientsurvival advantage at

a mean of 3.5 years in patients treated Wihtion versusrevision (88.6% surviving
versus 51.1%). The authors noted that there was no difference in complications and
that nine of the 12d e at h's I n the fixation group
compl i c(@ohean enad., 62018 Like much traditional clinical practice, the
standard rehabilitatioadvice for patients undergoing fixation was partial weight
bearing for three months pegperatively. Boydn and colleagues compared treatment

methods with adjustment for covariates including age, sex, ethniciyocoidity
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score and delay to operatiand found lower mortality for fixation at 30 days asid

months posbperatively but ndong-lastingbenefit atoneyear postoperatively. On

the surface these results appear to be more robust and it would also make sense that a
well-adjusted study woulfind only ashorttermchange in mortality associated with
ashorttermexposure. It is difficult to understand the true effect of surgery since the
patients are not randomly assigned to treatment groups and so the group allocation is
prone to bias, whicls likely to prevent a fair comparison between groups. The results

of these studies are also difficult to extrapolate to modern practice where patients are
more likely to undergo fixation with modern locking plates wiaahallow immediate

full weight beaing and perhapseduced d ecubi t us compl i cati ons

Investigators have also tried to control for the confounding effect of fracture type on
by comparing outcomes of within and between different fracture subtypes. Griffiths
and colleagues fouhno difference in mortality between different treatments for
Vancouver B type fractures and between Vancouver B type and C type fractures
(Griffiths et al., 2@339. Others have found greater mortality associated with
Vancouver B type fractureéBhattacharyya et al., 20R7Within this subgoup
mortality was doubled for patients undergoing fixation rather than revision after

adjustment for available covariates.

One area which is not well reported is the effect of conservative management.
Conservative management may be implemented in twadbsdaations: when the
fractured femur is deemed to be stable enough without operative intervention to allow
conservative management or when the patient is not thought to be fit enough for
surgical intervention. Leet alreported a case series of 19 patisevith conservatively
managed minimally displaced Vancouver grade B periprosthetic fractures around

cementless femoral sterfiee et al., 201)7 Authors defineaninimal displacement as
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less than 5 mm on plain radiographs. 17 of the 19 cases healed between two and six
months after fracture. All patients received Teriparatide injections during the course
of conservative management. Of the 19 cases, 11 were Vangrade B1 and seven

were B2. Two patients were noted to have stem subsidence on plan radiographs and
underwent surgery. Lest al also reported that none of the conservatively managed
stems showed signs of radiographic loosening up to a mean fofiav26 months

(range 12 to 74 months). However, mobility changed by between one and two grades
on the Koval mobility scoréKoval and Zuckerman, 19940ther small case sed

have reported successful non operative treatment with a stable im@Jlatitst al.,

2017 van der Waet al., 200%. Whilst this evidence is far from robust, it suggests that
minimally displaced fractures which occur in the absence of stem subsidence may be
managed conservatively. However, careful regular clinical and radiographic follow up
is necessar to identify cases where the stem becomes unstable and operative
intervention in required. Conservative management of patients unfit for surgery is an
underreported topic. A Chinese study reported a single centre retrospective series
which estimated thenortality associated with conservatively managed POPFF to be
as high as 36.4% at one y€Zheng et al., 2020 There is a large confoundiadfect

since patients deemed unfit for surgery were allocateebperative treatment. Given

what is known about the risk of dying associated with failure to treat neck of femur
fracture, it is unlikely that conservative management of POPFF will givisséastory

result.

2.5.4 Morbidity

The outcomes following treatment fBOPFFare poor and are worse than outcomes
following other THR revision indications. Young and colleagues compared the
outcomes of 232 patients who underw@tPFFrevision versus revisiorof femoral

component loosening in an observational cohort from the New Zealand Joint Registry
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and found a higher rate of-revision in thePOPFFRgroup versus revision for loosening
of the femoral compone(i.3 vs. 2.6%}Young et al., 2008 The most common cause

of re-revision in thePOPFFgroup waglislocation { patients), followed by r&racture

(3), loosening of thacetabulumZ?) orstem @), infection, implant failure, angiain (L
each). Oxford higcoe (OHS) at six months was worse in patients revisedPfOPFF
versuscontrols 29 versus 24 pointsPnfortunately,the response rate for OHS was
poor, complete data f(*fOPFFwas 57% and controls was 76%he results represent
an interesting insightwhich issupported by subjective clinical experience given the

poor outcomes reported in nopmparative cohort studies.

Griffiths and colleagues reported complication rates follovi@PFFsurgery at 30

days between 45% and 63%riffiths et al., 2013pbHaughom et al., 203813% to

14% of these were reported as major complications. Young and colleagues reported
tha all mortality was associated with a major complication. Interestingly, the authors
reported blood transfusion as a minor complication of surgery, which accounts for a
large proportion of the reported minor complications at 30 days. Haughom et al

reporteda return to theatre rate within 30 days of 7. @¥ughom et al., 2038

Over a longer follomup mean period of 45 months Mardian and colleagues reported
similarly poor outcomes for a German cohort of 118 pati@vtsdian et al., 2015
Complications occurred in 25.4% of patients but were only recorded if related
specifically to the implanted hip replacement. 13.4% of patients experienced infection,
9% hardware failure, 1.5% namion and rdracture was reported in 1.5%. Overall
compliation rates were higher thdrose reported in a similar NortAmerican cohort

(13% reoperation at 38 months mean folop) (Gitajn, I.L. et al., 201y Although

observational in nature and thus unable to offer conclusive evidence, neither study
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found a difference in complication rates between patients treated with revision or

fixation surgery.

Quiality of life and outcomeeports inPOPFFcohorts are rarbut demonstrate poorer
outcomes in patients with POPFRMardian et al reported worse pain and lower
physical function than a normal Germawhort(Mardian et al., 2015 Almost half of
patients needed a walking aid following surgery and a quarter could not mobilise even
with assistance. A fall in mobility followinOPFFsurgery was also reported from a
French Cohort study, whetbe Parker mobility score fell by over two points at one
year postoperatively(Cohen et al., 20)841% of these patients also reporteane
adaptations were geired to maintain mobility around thHeuse Harris hip score
assessment demonstrated 18% of patieatexcellent outcome, 15% good, 25% fair
and 42% poor outcome. Neither quality of life, mobility nor Harris Hip scores were
significantly different by facture type or by mode of treatment. These results are a
valuable insight into a vulnerable patient group and demonstrate generally poor
function for a large proportion of patients undergoP@QPFFsurgery. However,
results from observational studies likeese must be interpreted with caution since

there is no control or adjustment for confounding factors.

2.6 Health economics

A reasonable view on the scale of the problem pos&dBfFFcan be gained through

an appreciation of the costs associated Wi@PFFtreatment incurred by hospitals

and healthcare providers. To allow comparison between studies, costs are estimated to
the nearest whole single denomination at prices for December 2019 using inflation
estimates supplied by national banking and statistiosaugBank of England, 2020

statistics.
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Estimates of the cost dOPFFare sparse. The only published estimatefO&ftFF
costs are from a study of national health claims datae USA collected between
2010 and 2016. The cost of patients WitiPFFwere estimated and compared to a
group of nonlOPFF patients using a med matching mettd. The study found that
the 90daycosts were significantly greater for patients Wit FFthan thosevithout
($36809.53 versus $2849.05). The increase in costs was greater still atyeae
($45889.07 versus $3227.68). Greater ctsswere a product of greater service use in
and out of hospital in almost every domain apart from hospice use and outpatient clinic

appointmentgChitnis et al.2019.

Costs folPOPFFare typically greater than the additional cod@®PFFover and above

the cost of primary surgery. In an NHS study from 1999 to 2009 in a large single centre
over 80% ofPOPFFcosts come from the cost associated with hospitglastd bed
usage, Theatre costs made up 6%, implants and investigations 7%. The mean length
of stay was 39 days and cost of hospitatiment ranged from £925 to £335,486 with

a median cost of £2892 (Phillips, J.R. et al., 2033In a later study from two large
NHS centres between 2006 to 2014e mean length of stay was 43 days with an
associated mean inpatient to$ £42396 (Jones, A.R. et al., 20168n another NHS
study from a large single centre, which compared inpatient costs of revision
procedures?OPFFevision was the most expensive single stage procédardegan

et al.,, 2A2). To put these costs into conteROPFFreatment is between three and
tentimes more expensive than inpatient treatment for acute myocardial infarction
(E3291), Strokg£5242) and Coronary artery bypass surgér3370) (Gaughan et

al., 2012. Evidence from the NHS would suggest that the coBIQPFHs large and

that there is a large variation in the cost of treaf@fPFFacross the NHS, which may

well be a function of variation in length of inpatient stay.
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In the USA,POPFFmay account for 1.5% of unplanned emergency department visits
within 30 days of having undergone THR, and 5% of resulting admisEsahsh et

al., 29). Beyond 30days, POPFFmay account for a sixth of all unplanned
emergency department visits following THR and half of all reoperations following
THR (Luzzi & al., 2018. Inpatient costs dPOPFFare estimated by large single centre
studies to be betwe&?29225 t0$42,730(Luzzi et al., 2018Hevesi et al., 209%nd

by large national hospital costs datase$Bt5162 (Cox et al., 201pwith a mean
length of stay of justightdays. 9@day costs in the USA have been estimated between
$60,066 and $6348 (Phillips, J.L.H. et al., 203hitnis et al., 201Pand 365 days
costs have been estimatedb@B 335(Chitnis et al., 201P Costs forPOPFFpatients
were almost triple the codisr a wellmatched THR cohort witholROPFFat both 90

and 365days(Chitnis et al., 2010 Hospitalisation costs for revision THR BOPFF
were 33% to 48% higer than for all other aseptic revision THRvesi et al., 2019

The length of stay for patients wiBOPFFn the USA appears to be far shorter than
in the NHS. It could therefore be assumed that in the USA, a large proportion of costs

appear to be related to nbospital stay costs.

Cost is reported to vary by treatment methods in the NHS-dgenative management

is reported to cost a mean of £26 18hillips, J.R. et al., 20)2while the cost of
revision surgery is reported to be between £41(8ndlips, J.R. et al., 20)5nd £35
739(Phillips, J.R. et al., 20)10RIF alone is reported to cost between £33(36iies,

A.R. et al., 201pand £37 361Phillips, J.R. et al., 2031A study fromthe USA also

found that ORIF cost less than revision surgery as a treatmdpOFFShields et

al., 2014. In a single centre study from IrelaRDPFFcases which were treated with
revision had the longest length of stay and were most expensive in comparison to other
treatment methods foPOPFF(Lyons et &, 2018. An NHS study reported that

Vancouver 0C6 fractures had the | argest
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common treatment being for this class of fractures being ORIF, which is likely to be
the least expensive mode of treatmglunes, A.R. et al., 201L6This may well be
because Vancouver C fractures occur more frequently in an older patient population
(Chatziagorou et al., 201,.8vho may have greater health deeand longer hospitals
stays. These reports are difficult to interpret since there is a large confounding effect
of patient cemorbidities, treatment and rehabilitation restrictions. Further studies
using matching or other methods may provide furthemulsefswers which may help

to unpick the true cost of treatment approaché¥Q&FF

A crude estimate of the total annual cosP@PFFnpatient care in the NHS can be
estimated from the product of average cost and estimated incidence per year. A
sensibleestimate of totaPOPFFcases occurring in the UK based on total annual
revision burden reported in the NJR700 pa) might be 1000 cas@¢ational Joint
Registry,2019. Using amean weighted by cases numb#&mm two NHS studies
reporting average inpatient cogBhillips, J.R. et al., 20313Jones, A.R. et al., 2016

gives an estimate of inpatient of cost of £33 423 per patient. The resulting estimate for
total inpatient costs fd?OPFFannually in the UK based on 1000 annual cases is £33.4
million. This estimate is ihited by a small and possibly outdatB@PFFstudy
populationandan uncertain re® OPFFncidence in the UKThereal costsincluding

social care and rehabilitatipare likely to be far higher.

To put total costs into perspective one can compare twotese occurring as a result

of hospital admi ssions for acute myocar
episodes with a diagnosis of acute myocardial infarction in the (#d48ia et al.,

2017 at a cost of £3 291 per episad&aughan et al., 20) 8ives a total cost of £1.47

billion, which is approximately 44 times the total cosP@PFRreatment in the UK.

Prevention in this group is potentiatostly since the population at risk is large. Since
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POPFFoccurs in a much smaller group of patients, who can be identified by the
presence of THR and other risk factors, large cost savings through targeted prevention

measures are possible.

2.7 Morbidity, Mortality and health economics conclusions

The overall picture of mortality associated WRIOPFFis dire, with a significantly
increased risk of dying for most patients. The overall impression from the current
evidence on mortality risk factors is tHAOPFFand POPFFtreatment is associated

with a very large physiological stress which is likely to increase the risk of death,
particularly in those with the least capacity to cope with such desnandlysis of
evidence relating to risk factors indicatestttiee risk of dying aftePOPFFmay be
amenable to reduction by patient and pathway optimisation, much like the approach
undertaken for neck of femur fractures in the UK. The current evidence suggests that
the outcomes following?OPFFtreatment are not pdectable and often involve
significant reductions in patient mobility, function, quality of life and an increase in

thelikelihood of further complications and major surgery.

The costs associated wiHOPFFare large andnostcosts in the NHS are assoeidt

with prolonged length of stay. There is limited recent evidence to document current

trends in patient length of stay when using modern approaches which may allow early
weight bearing and mobilisation. Future work should aim to describe the current state
of practice within the NHS with a view to identifying areas where cost savings may be

most achievable.

Given the poor and unreliable outcomes followlP@PFFand the large associated
cost there is a need to look closely at factors which may be adjuspeevent the
occurrence oPOPFHn the first instance. A detailed analysis of risk factors associated

with POPFFis necessary to understand where the focus of future work should be
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placed for maximum likely patient benefit. Further evidence relating ¢ob#st
treatment methods and patient pathways is required to reduce the risk of harm to those

patients in whom prevention is not possible or fails.

2.8 Risk factors for periprosthetic fracture of the femur

2.8.1 Patient risk factors

The impact of ge has been widebtudied and the majority of evidence suggests that

the risk of POPFFincreases with increasing age at primary THRien et al., 2014

Meek et al., 201,1Watts et al., 201,5Cook et al., 2008Berend, K.R. et al., @6

Palan et al., 201@roden et al., 201,8Chatziagorou et al., 2018thowever this déct

has not always been demonstra(&atz, J. N. et al., 2024Gromov et al., 201)7
particularly when accoumty for other confounding facto(Singh, J.A. et al., 2033

The effect of ageing oROPFFappears to affect both men and worfifangen et al.,

2017). It has been noted in a large registry study that the riBO&fFFHncreases more
rapidly with increasing age in women than in ng€hien et al., 2014Berend, M.E. et

al.,, 2006, which may in part be attributable to menopause related osteopenia
(Osterhoff et al., 200)6Age and gender are also closely related to femoral morphology
with older patients, females and patients with low body mass more likely to have a
6stove piped s hape chysdalecoriicegDow iCtntorphblbgy,n ner
Figure2-2) (Dorr et al., 1998 Morphological changes to tfiemur may have a direct
effect on the strength of the femur and
effects. Age related increaseR@PFHisk in both men and women has also been seen

in populations which have undergone THR using both cementldsearentedtems

(Thien et al., 2014 Age related effects may also be the result of increased risk of falls

in older patients undergoing lower limb joint replaes(Lo et al., 2019 Age is a

usdul surrogate for a multitude of physiological measures which have a strong
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association with risk dPOPFFE: it is likely that age could be used as a useful tool to
identify patients with the greatest risk fOPFF particularly when detailed

information rgyarding falls risk and femoral morphology are not available.

Figure 2-2 Femoral morphology classifications according to Dorr (Dorr et al.,
1993). Lettering indicates Door classification grade.

The relatioship between patient sex aRDPFFrisk appears mixed with studies
showing greater risk in womégingh, J.A. et al., 2013/eek et al., 201;1Gromov et
al., 2017 Berend, M.E. et al., 200&indbergLarsen et al., 20} 7greater risk for men
(Chatziagorou et al., 2019Balan et al., 20)&nd no eféct of seXWatts et al., 201,5
Broden et al., 203%atz, J.N. et al., 2014Cook et al., 2008Sarvilinna et al., 2003
A metaanalysis of comparative cohort studies reportt@PFFfound a higher
incidence ofPOPFHNn women thamen Q.25% versus 0.18%lPeng, Y. et al., 2019

The reason for this mixed picture is likely to be down to the cohort heterogeneéy sin
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there appears to be a confounding effect of stem fixation. Men may be at higher risk
of POPFFwith cemented stems and women at higher risk with cementless stems
(Thien et al., 2014 It may be that for #®OPFFRo0 occur around a cemented stem the
stem must first break the cement, which may be a body weight dependent phenomenon
and thus occur more readily in male THR patients. BRE¥PFFRisk in men may also
be patly affected by an increased risk of falling during an inpatient stay in male

patients, which has been demonstrated by a recentanalgsig(Lo et al., 2019

Comorbidity in general and a range of specific medical comorbidities have been
associated with a change ROPFFrisk. Increasig ASA has been associated with
increasedPOPFFincidence(Singh, J.A. et al., 20)3but the relationship is not
consisten{Palan et al., 201@roden et al., 2015 Standardised emorbidity scores
have been associated WROPFFrisk (Singh, J.A. et al., 2033with increased risk
associated specifically with osteoporodisidbergLarsen et al., 20)7heart disease

and peptic ulcer diseag8ingh, J.A. and Lewallen, 2012Body massndex BMI)

has not been shown to be a useful predictd?@PFFrisk (Singh, J.A. et al., 2013
Watts et al., 2015Gromov et al., 201;7Berend, K.R. et al., 20)6The reason for
increased risk oPOPFFin patients with greater emorbidity grading is likely to be
multi-modal. A recent systematic review and rratalysis found that patients with
electrolyte or flud imbalances, coagulopathy and surgery related complications are
more likely to fall in the posbperative periodLo et al., 2019 Indications for surgery
other than osteoarthritis are associated with an incred¥®@R-Frisk (Chatziagorou

et al., 2019b LindbergLarsen et al., 20)7with the greatest risk associated with
avascular necrosis of the hip and femoral neck fraivats et al., 20L5Thien et

al., 2013. A metaanalysis of cohort studies demonstrated that a history dfkiota
replacement may increase the odds of falls in the earlyopesative period by a factor

of six(Lo et al., 2019 Such studies lack adjustment for other confoundedsshould
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be interpreted with caution. In addition, one might expect that increasing co
morbidities are associatedttva reduction in mobility and some theoretical increase

in disuse osteopenia, which may increase the risi{QRFF

Bone morphology has not been consistently associatedP@iBFisk through direct
standardised measures although Dorr type C morphdlag¥yeen associated with an
increased risk dPOPFFwhen using predominantly cementless sté@romov et al.,
2017. Bigart et al. compared preoperative radiogreapmeasurements between
Vancouver BZPOPFFcases andontrols matched fostem design, gender, age, and
body mass indetBigart et al). POPFFcases had a small but statiatig significantly
reduced native neck shaft angi2 degrees mean difference), a less conical type
femur (canal calcar ratio, canal flare index) and thinner diaphyseal cortices but a
similar diameter(canal bone ratio). Similar results were reportednfra smaller

matched cohort study of S’ROPFIS (Cooper and Rodriguez, 2010

Canal calcar ratio and flare index both describe the size of diaphysis relative to the
metaphysis on thanteroposterior AP) Vi ew. I n Bigarteet al
external measurements of the metaphysis and diaptigsiet differ, the ratios serve

to estimate a derivative of the relative endosteal thickness of the diaphysis and to a
lesser extent, the metaghy. The basic principles governing tube parameters and
strength may be understood in part through a mechanical example of a simple tube. In
ahollow tube with a fixed diametemnd constant lengitiffness in torsion is equal to

the product of G (torsial modulu$ and J(polar moment of inertia). & a constant
related to the mechanical properties of the material from which the tobessucted,

and J is proportionao the difference between the external and internal wall diameter.
Decreasing wall thickness by a factorkpvill also decrease rigidity and strength by

a factor ofk. However, if the diameter increases lbwnd wall thickness does not



-28-

change, the rigiity increases by a factor &f and strength increases k¥ This over
simplified model of course does not account for a hostaHife constraints including

a change in properties of bone with ageing and the application of forces through both
externd muscle structures and an internal implant. It can be seprinciple thata
decreasein femoral wall thickness maproportionally decreasethe rigidity and

strength of the femur and letmlareduction in the force required to fracture.

Bi gar t ®suggestetlsatuchses witOPFFhad a more varus neck and Dorr C
morphology. Itis possible that the authors found that the femur of patienlBB@RRF
tended to have an o600l derd6 physiological
suggests that a an effect of ageing orPOPFFrisk is a change in femoral
morphology. Interestinglythe preoperative radiographic measures of canal calcar
ratio are all well within the D¢@Oorret A cat
al., 1993 and represent quite a small difference in morpholdgne authors did not
estimate the increased absolute or relative risk of fracture based on thasgsfind
which unfortunatelymakes the measured radiographic differences hard to interpret
clinically. The study did not show any differences in pmstrative radiographic
measurementgénal fill and stem position), however a result in this regard is wliffic

to interpret given that different implants have been used. It would appear that risk of
POPFHollowing cementless stem implantation may be associated with femurs which
have a less conical shape, thinner diaphyseal femoral cortex relative to diamdeter a

morevarusfemoral necks.

Patient ethnicity has not been shown to be associated with fRRFFspecifically,
although, a metanalysis of risk factors for falls in patients undergoing lower limb
joint replacement identified an increased risk ofatmgmt falls in Black and Hispanic

patients(Lo et al., 2019 Furtherin-depthstudy of the relationship between ethnicity
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andPOPFFrisk is needed to ascertain whether ethnicity can be used to focus future

preventative strategies

2.8.2 Surgical risk factors

Surgical approach has not been shtevhave a consistent effect on the riskeGiPFF
(Broden et al., 20L8Chatziagorou et al., 2019Berend, M.E. et al., 20061t is likely
that there is confounding with stem design and other factors particularly when

comparing techniques over large time scales.

IOPFFhas been shown to increase th& o subsequerOPFFevent(Abdel et al.,
2016h Watts et al., 2015 which may be because of common risk fexlike female
sex, increasing age, poor bone quality and cementless stem fi{@¢i@nd, M.E. et
al., 2006 Hendel et al., 20QHartford et al., 201,8Abdel et al., 2016/dNowak et al.,
2012 Ricioli et al., 2015 Miettinen et al., 201,6Davidson et al., 2008In addition,
POPFFare commonlyhought to result from unknown or known intraoperative injury.
Although, 11% of patientsnay suffer from occult IOPF®ithout noticeable change
in clinical picture(Yun et al., 2019 The link between intraoperative and postoperative

POPFHs not well defined.

Stem alignment has not been shown to affect the inciderR®BFHGromov et al.,

2017. It would seem logical that an increase in varusnafignt of the stem might
increase the stem offset and thus the effective moment arm through which the body
weight may impart forces on the femur necessary to fracture. As an example, if we
take a hypothetical stem of length 150mm from shoulder to tip aswhesvarus
malalignment occurs about the centre of the stem length, we can calculate the
approximate increase in perpendicular offset from the femoral axis by the product of
tan {varus anglg¢ and half the stem length. For a varus angle of five degrees the

increase in offset is 6.6mm and for 10 degrees the increase is 13.2mm. This may have
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the effect of significantly increasing the offset by 16% and 33% respectively based on
a well aligned stem offset of 40mm. This might have the effect of proportionally
increasing rotational and bending moments acting on the proximal femur if all other

factors are held constant.

The precise measurement of alignment can be difficult in practice however, and no
well controlled trials have been completed either clinically gpeexnentally to

investigate this.

Implant undessizing in the proximal femur has been associated with an increased risk
of POPFFwith polished tapered cemented stems in both clirfdaits et al., 2018

and biomechanical studies using composite femurs in axial loading simu(&ioss!

et al., 201% Smaller body stems may offer less rotational stability of a stem during
POPFE whi ch may |l ead to a mismatch of
diameterad t he st date@slimensiahs, l@dding to an increase in cortical
strains and femoral fracture. A similar pattern is possible with a cementless stem, but
recent evidence has shown no difference in canal fill parameters between matched
cohorts withand withoutPOPFF(Bigart et al). No experimental testing has been

published to test this hypothesiscementless stems

Femoral neck resection has been thought to infleentational stability as early as
1986, with a call to end extensive neck resection by the late Mr Michael Freeman
(Freeman, 1986 Improved rotational stability was subsequently demonstrated using
small scale adaveric biomechanical modé&anner et al., 198&arlson et al., 1988
Whiteside et al., 19951t is likely that neck resection plays an important role in the
risk of POPFF potentially as a protection against torsional ty@#FF It is important

that neck cut be controlled in cadaveric studieshfigrreason. Freeman points out that

in clinical practice the risk of rotational instability must be carefully balanced against
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the risk of impingement related stiffness and instability, which is perhaps why this

approach has not received much attention.

Revision surgery is associated with an increased riBBOF#FRDeng, Y. et al., 2019
This may be because of the differences in patient characteristics in padphgoing
revision THR surgery versus primary THR surgery, implant design and usage, bone

morphology and quality, mobility and risk of fallirfgo et al., 2019

2.8.3 Implant related risk factors

2.8.3.1 Stem risk factors

Cementless stem fixation is associated with a higher riBlO5fFHSingh, J.A. et al.,
2013 Abdel et al., 2016pThien et al., 2014Berend, M.E. et al., 200@.indberg
Larsen et al., 20)7The mechanism is unclear but since a majority of cementless stem
fractures occur withi the first six months, intraoperative injury and the press fit stem
environment may contributPOPFHs likely to occur when the cortical strain exceeds
the fracture strain of the implanted femur. Cortical strains are developed during
cementless stem ingntation as a function of forceful preparation and implantation of
the proximal femur necessary to generate primary stability. However, adequate
primary stability to allow osseointegration of the femoral stem is a careful balance
between development oftarference fit at the steimplant interface and preventing
excessive cortical strains which may precipit@®FF or POPFFin the early post
operative periodAbdul-Kadir et al., 2008 Following implantation, the proximal
femoral cortical strains may be easily exceeded during a stumble, trip or fall and
precipitate #2OPFF Design features which reduce the chance of high cortical strains

are likely to be protective.

Analysis of the contribution of implant design BOPFFrisk using clinical data is

rare. Cementless stem design appears to have a large effect, with gidamssed
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by bladetype stems(Carli et al., 201Yand those with an exaggerated proxitagler
(Watts et al., 2025 Current approaches to analysis of implant related risk factors using
clinical data appear to either compare risk of fracture between different stem brands
(Van Eynde et al., 2010hien et al., 201AChristensen et al., 201@nd or between
different overd stem design classificatior{€arli et al., 201)y. Comparisorbased on
stem design is flawed since the design of cementless stems can differ significantly
underthe same brand name, such as presence or absence of a collar, or the surface
coating, which can reduce the precision of any subsequent assessment. Comparison of
femoral implants on the basis of implant design classification systeproposed by
the Montgroup(Khanuja etal., 201)) can also introduce bias since there is no strict
adherence to design groupings by manufacturers and thus each group is poorly defined
and lacks precision. In addition, groupings created in North America may not be easily
applicable to implastused in th&K and beyond. A more robust approach would be
to make valid comparisons between groups where only the variable of choice differs.
Unfortunately,such an approach is rare in orthopaedic clinical research owing much
to cost and impracticalityOrthopaedic research is largely based on retrospective case
series, where control over confounding factors is limited. Another approach is to
control for confounding factors through statistical adjustment. Such an approach is
analogous to identifying kefigatures of a person which canrbeasuredife. height,
weight, eye colour etc.) and assessing statistical relationships with health outcomes,
which iscommonplacen epidemiological research. Such an approach might estimate
the risk associated with eaktdividual stem desigfeature §urface finish, stem shape
etc.), whilst attempting to control for other known factors. This approach might give
engineers and surgeons the ability to analyse the relationship between implant design

and clinical outcomes whtgreater precision.



-33-

The link between specific cementless implant design featurd3@R&Hisk has been

more frequently investigated using biomechanical testing methods rather than larger
clinical studies. Stem length has been investigated and a moftaggotheses have
been develope(Bishop et al., 201;,QJones, C. et al., 2013akubowitz et al., 2009b

A study evaluating the Silent hifDePuy, Warsaw, IN, USA) demonstrated that
decreasing implant size was associated with an increase in peak cortical strains and a
decreasing fracture load in an axiadiing experimental mod@Bishop et al., 2010

The Silenthipis@& st eml es s & mé&horeemny gnsl size redustibneofrthe
metaphyseal implant are likely bavevery different effects to shortening the femoral
stem in a traditionafemoral implant. In a separate study the Malyip (Zimmer,
Warsaw, IN, USA) wasompared to the CLS Sportorstem Zimmer, Warsaw, IN,

USA) using a quasstatic loading method akin to walking loads. The shorter, Mayo,
stem was not associated with a higher ris@fPFF The effect of stem length is
difficult to interpret in this séinhg since there are multiple differences in design
variables between the compared stems which are not controlled &atdition,the
guaststatic loading regimen is not representative of a fall where the rate of loading
may be much largeBone isvisccelasticand the mechanical propertiggy change
under different loading conditions and thus, quasi static loading may not be
representativéJakubowitz and Seer, 201%. A more realistic loading rate was used

to compare standard length hydroxyapatite coated Furlong élems Replacement
Industries, Sheffield, UK) to a shorter Furlong Evolution stédoént Replacement
Industries, Sheffield, UK) in a compgtesbone model with torsional loadifdones, C.

et al., 201% The authors found that the fracture torque and angular displacement was
greater in the shorter stem and concluded that the reduced torsional stiffness was
protective around shorter stems in torsional fractures. Whilst the implants are broadly

similar in design apart from stem length, there are important differences in stem shape
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and collar shape which may also make direct comparison difficult. Additionally, it is
unlikely that a purely rotational loading pattern is representative of a majority of

POPFFocaurring in vivo.

The effect of a calcar collar on primary stability has been investigBtaey et al.,

2011, Whiteside et al., 1998A collared Coraistem DePuy, Warsaw IN, USA) was
compared to an otherwise identical collared version using separatestpigsaxial

and torsional loading regimens by the Artro group in France. The implications for
POPFFmay be seen indirectly since the fresh frozen femoral specimens were loaded
until fracture Collared stems had greater stability and a higher fracture force in both
axial and rotational loading scenarios. This is in line with older studies which
investigatedthe effect of a collar when they were more a more popular feature on
femoralstems(Whiteside et al., 1988Varkolf et al., 198) It is likely that a medial
calcar collar can prevent axial and rotational displacement leading to fraobwiredl

a pre-osseointegrated cementless stem model. These findings are supported by data
analysis oflargescaledata ecorded in the NJR. An unpublished white paper reveals

a larger proportion of Corail collarless stems reviset®foPFFversus Corail collared
stemgMantel and Leopold, 20)although the analysis relies on raw data comparison
and lacks adjustment for potential confounding factors. Despite the short comings of
biomechanical testing and the lack of detail in the analysis of clinical data, this

evidence highlights an important design feature which merits further analysis.

Proximal femoral cortical stress can be changed by altering stem surface coating and
coatingdistribution. Surface coating may only affect the transfer of loads which are
primarily transferred by shear stresses at the imjllane interface, which may make
surface coating more important in the modulation of axial rather than bending forces

(Keaveny, Tony M., 1994 Fully coated cementless stems versus proximally coated
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stems may result in more femoral cortical strain concentrated around the stem tip
during axial loadingSkinneret al., 1994 Keaveny, Tony M., 1994Gillies et al.,

2002. Other investigators proposed a protection aga@PFFwhen stems had a
thicker, hgh-friction proximal surface coating versus a dpidsted surface finish
under axial loading conditior(/iles et al., 201k It might seem fair to assume tlzat
higher friction surface might induce greater interference fit and stability within the
proxi mal femur and thus | imit the 61 o0g
Implants which generate high circumferential strains in the stiff proximal redmo
metaphysis may precipitate failu(®tani et al., 1998 Similarly, implant coating
depth can affect the cortical strains generated during implan{atootul-Kadir et al.,

2008. A finite element analysis performed using a #wdler stem ZimmerBiomet,
Warsaw IN, USA) estimateddhthe ideal interference fit wa&® micrometres. At this

point the stability would benoughfor osseointegration during normal activities but
not lead to excessive femoral cortical strains. Whilg ts useful information in a
purely technical sense, generation of interference fit is poorly understood and
impossible to specify during normal implantatihbdul-Kadir et al., 2008 This
makes investigation difficult in a clinical setting. It is clear however that surface finish,
distribution of surface finish and steimerference may all be important factors in
transfer of load to the proximal femur, generation of residual hoop stresses and
prevention of stem movement which may cause a log splitting action to the proximal

femur.

Much liket h e i neprfageirisbssirface shape can have a large effect on the
generation of proximal femoral cortical strains in the implanted femur. Surface
grooves can increase the contact surface at theibyient interface by as much as
25% (Vidalain et al., 20111 This can have the effect of both increasing the friction

generated at the implabbne interfaceand to reduce the stress concentration.
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Longitudinal ridges have also been shown to improve rotational stability to anteriorly
applied loads in cadaveric modélanner et al., 1988&nd proximal surface grooves

have shown to affect the stress transmission across tharbplant interface in finite
element analysis modelfRawal and Bhatnagar, 2012Fnite element analysis
modelling has also estimated greater peak stressesiated with stems which have
sharp edges occurring on the long lines of quadrangular prostheses and also along
surface ridge¢Hu et al., 201D The authors maka large leap to infer an increased

risk of POPFFfrom their results, which represent quasi static modelling of stair
climbing. In the absence of robust clinical or biomechanical evidence it is difficult to
draw similar conclusionghereis clearevidenceo suggest that the surface shape of
implants may affect the transfer of load from the implant to the proximal femur. As a
result,it would seem sensible to assume that implant surface shape may also affect the

risk of POPFHRnN the early posbperative prssfit scenario.

2.8.3.2 Non-stem implant risk factors

The evidence regarding the effect of other implants within the whole THR construct
on the risk oPOPFHSs sparse. One study exists which uses a retrospective analysis of
patients with ceramic on cerami{€oC) bearings in one hip and ceramic on
polyethylene(CoP) bearings in the contralateral hip over a period of 15 to 40 years
(Hernigou et al., 2008 The stem waa cemented collared titanium stem in all cases.
The odds oPOPFFin the CoPgroupwas highetthanin the CoC group (Odds ratio

[OR] 34.1, 95% CI 4.6 to 252.7Most fractures occurred after the seventh follow up
year andnight suggest that fracture due to wear related osteolysis plays an important
role in late fractures. The authors also reported an increase in femoral canal expansion,
cortical thinning and osteolysis over follow up in CoP hips versus CoC hips. Such
changs may havetheoretically redua# the strength of the femur and magve

increasd the likelihood of subsequeMOPFFE particularly since the link between
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osteolysis and increas@®PFFisk has been made in the literature previo(Bbrry,

2003.

An association between acetabular cup design and the oB@R¥FFhas been made

by a French group who compared the rate of revisiofP€@PFFand dislocation in
those patients with and without a dumabbility (DM) cup (SappeyMarinier et al.,
2019. The authors found that the oddsP@dPFFwvere12-fold greater with a DM cup
veraus a standard cup, after adjusting for bone morphology, stem fixation and co
morbidity score. Interpretation of these results are difficult since the decision to use a
DM cup is presumably not random and may introduce confounding by indication in
this obsevational noarandomised study. For ROPFFto occur there must be
sufficient bending, rotational and axial force. This can only occur if the bone is held
solidly between a minimum of two points. This might occur wherhip joint is fixed

by muscle actin, capsule tensiaor impingement. Conversefgmoral strains induced

by fixation of the hip joint may be reduced by subluxation or dislocation. It might be
possible then that DM cups lead to a reduction in subluxation and dislocation but
increase the eftgive transmission of forces to the femur which may increase the
likelihood of POPFF although such hypotheses a&t untested. Since the current
evidence on nosgtem implant related risk o0POPFFis sparse but may show
significant effects, it is prudetd include the effect of all implants in any investigation

of implant related®OPFFrisk.
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2.9 Fracture classification

POPFFcan be classified according to a range of systems, on which an understanding
of POPFFcan be built. Early methods to classPOPFFtypically relied on small
single surgeon series and classified fractures according to anatomical Igatiosh

and Jones, 1964r a combination of anatomical location and specific fracture patterns
(Whittaker et al., 1974Bethea et al., 1982Mont, Michael A. and Maar, 1994
Johansson et al., 198IMont and Maasstated that a statistical analysis of fracture
treatments and outcomes was impossible due to the small number of cases in each
series, cohort heterogeneity and +standard reportingMont, Michael A. and Maarr,

1994). The pooled results include treatment with traction and spica casting through to
long stem revision and fixation, which may not be applicable to modern practice.
However, the identification of the need for standardised appreamt pooling of
results to allow study of a relatively rare complication following hip replacement was

well ahead of its time.

Following these approaches, which mixed fracture morphology, location and
recommendations for treatment, a more treatrbasedlassification was introduced.

The Vancouver classification system is now the most widely used classification system
for POPFF(Duncan and Masri, 1995The Vancouver system classifieOPFF
according to fracture location and implant stahijlityo groups which guide treatment
methods. This classification system attempts to classify fractures based on the potential
for the implants involved to continue functioning. Type Aavalsionfractures of the
greater Ag) and lessetrochanter Al, Figure2-1). Type B fractures occur at the level

of the femoral implant and are further subdivided into fractures with a stdte

(B.1), an unstablstem B.2), and fractures with an unstable stem and bone loss or
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comminution B.3). Type C fractures occur well clear of the femoral implalthough

the definition of “well clear” is not wetlefined

Incidences of fracture in each Vancouver class are difficultdesasas large series
with complete records which include radiographic analysis are rare. Abdel and
colleagues reported that approximately 1IB@PFIS included fractures of more than
one class. Of the remainder, approximately one thiRIQPFFoccurred inhe greater

and lesser trochanter, a half of fractures were type B and the rest were(BipdeC

et al., 2016h Type A fractures are typically treated conservatively with restricted
weight bearing and rest unless significant displacement oqédrdel et al., 2015
Tsiridis et al., 2008 Type B.1 and C fractures are broadly treated with fracture
fixation and types B.2 and B.3 with revision and fixat{&bdel et al., 2015Tsiridis

et al., 2003

Various amendments to the Vancouver classification have been proposed. The
Coventry classification system classiff@PFAH nt o bappgdmd &dbnhappy
hips. Happyhips had no sign of prigactureloosening should be treated with a form

of fixation, whilst unhappyhips should be treated with revisi@dinan et al., 200/
Capello and colleagues recognised an early fracture type which occurred typically
within the first two months after implantation. This fracture type was described as a
clamshell type, which involved the lesser trochanter and a significant position of the
femoral shaft adjacent to the impld@tapello et al.2014. A modified classification
system was proposed, but the original Vancouver creators refuted the need for a
modification as the new fracture could be classified as &B8& Houwelingen and
Duncan,201]). Frenzelet al proposed a novel and complex classification system
which included information regarding fracture location, pattern, bone quality, implant

duration in situ and implant stabiliffFrenzel et al., 20)5This system has not been



-40-
validatedhowever ands perhaps too complex to be widely used in clinical practice at
present. The Vancouver classification system was incorporated into the unified
classification systerflUCYS) for periprosthetic fracturg®uncan and Haddad, 2014
The UCS alsoncludes classification of periprosthetic fractures of all anatomical
locations includinginterprosthetidractures, fractures of pairs bbnes €.g. tibia and

fibula) and fractures of joint surface facing a hemiarthroplasty articulation.

In order to undrstand how to modify risk ##OPFFdue to implant design we must

first understand how the femoral implant breaks the femur. This is important for two
reasons. Firstly, understanding the mechanism of fracture helps us to understand
common mechanical vulrabilities of the femurmplant construct. For example, if an
implant has a higher than expected fracture frequency with a fracture caused by
rotation, an increase in rotational stability may lead to a reduction in fracture
frequency. Secondly, if we are tist designmprovementsywe must understand how

to construct tests which accurately replicate the mechanisms which implant designs
must resist. Whilst the Vancouver classification system and the UCS are widely used
and have proven validity and reprodulifp as a treatment aiRayan et al., 2008

Naqvi et al., 2012Brady et al., 2000Huang et al., 20)6the Vancouver system and
UCS do not help to identify fracture mechanism. A new method which seeks to classify
POPFFby mechanism is required to achievesigoals. Fracture patterns can be
viewed as a force footprint, which summarises the trajectory of a fracture forces
through a bone. Detailed analysis of fracture patterns may provide an insight into
common fracture mechanisms for any particular stem tengagroup andurther

develop our understanding of how femoral stems break the femur dirQO§EF
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2.10 Fracture mechanism

Correlation of fracture mechanism from fracture patternsvarelversas a common
clinical approach in orthopaedics. Similar apgrhes are utilised by anthropologists
and pathologistéLove and Wiersema, 20)L6Early cadaveric work imative human
femurs demonstrated the relationship between spiral fracaiterps and torsional

load, the propensity for spiral fractures to occur in the proximal ferand
comminution levelsvhich weredependent on fracture impact ene(@yler A. Kress,

1995. Spiral fractures typically occur at 45 degrees toahg kaxis of the femuithe

two opposing ends of the spiral fracture line are often connected by a straight section
(Figure 2-3). Compression in the long axis of a long bone may to lead to oblique
fracture patterns which result frofailure in shear aapproximatelyt5 degrees to the
loading directionSpiral fractures can be specifically identified and differentiated from
oblique fractures using these criteB&nding deformation is thought to prodwther

a transverse fractureiti or without a “butterfly” fragment.A butterfly fragment
results from bending loads leadingatéracture starting on the tensile side and radiating

at 45 degrees to perpendicularthe long axis of the bongitajn, I. and Rodriguez,
2011). These descriptions are the basis of thebeitsgemeinschaft fir
Osteosynthesefragd@AO) type groupings of fracture patterns which classify native
bone fracture types into oblique and transverse and spiral g(blgisberg et al.,

2018. The validity of fracture classification using AO methods is well established and
has a good level of reliability both within and between assessors four&agpe
specifically (percent agreement 78 to 80%, kappa 0.62.8a [substantial to near
perfect agreement]YMeling et al., 2012 Knutsson et al., 20)9 Real world
mechanisms such as falls and stumbles may produce a distribution of these patterns

secondary to bending, axial loading and torsion.
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Figure 2-3 Typical spiral fracture pattern in the distal femoral diaphysis. Note
that the cortical edges always cross in a spiral fracture and the cleavage plane is
approximately 45 degrees to the femoral diaphyseal axis when viewedpiane.

POPFHracture mechasm in animplantedfemur may be quite different and research

on the subject is sparse. Clinical studies have identified that the majority of
periprosthetic fracture patterns around the femoral stem are some combination of spiral
and oblique fracture typg&\bdel et al., 2016pFenelon et al., 20)9Much of the

useful insight has come from biomechanical studidgere the relationship between
mechanism and fracture type can be explored. Rupprecht and colleagues investigated
POPFFracture mechanisms in tissue stripped fresh frozen cadaveric femurs with a
polished tapered cemented stem and found that rotatioads loaused proximal
fractures around the stem, sibending loads caused fractures at the stem tip and
anteroposterior bending loads caused fractures at the supracondyléRlgyalecht

et al., 201} Fractures around the stem have been recreated with rotational loading
mechaisms in other studies using polished taper stems anebssmointegrated

cementless femoral ster(Sinsel et al., 2015Morishima et al., 20%4Jones, C. et al.,
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2015. In biomechanical studies usidgormal walking orientationwith axial loads

(near vertical femur, vertical loading on femoral head), fractucesirced in a
longitudinal pattern around a na@sseointegrated femoral stem and the location of the
fracture varied between tria(Sakubowitz et al., 2009dakubowitz et al., 2009b

Axial loading of a cementless stem are likely to give typiG&FF patterns such as

calcar cracks, which tend to be longitudi(@bdel et al., 2016 In addition to these
types of fracture is the 6log splittero
metaphysis splits around a femoral si{@hillips, J. et al., 2002 This fracture differs

from a linear or spiral fracture because the metaphysis is split into at least two separate
parts and neither are in continuity with the femoral shaft. Metaphyseal split fractures

are likely tobe caused by axial loads which cause the stem to forcefully subside into

the proximaimetaphysis anthay occur when the loads required to fracture are greater.
Demey and colleagues described the generation of linear fractures around collarless
stems at aal loads of approximatelgix Kilonewtorns and metaphyseal split fractures

around collared stems, where the fracture force was approximately Debtey et

al., 201). Metaphyseal split fractures mde a special linear fracture type with
comminution due to large amounts of fracture energy. Given the lack of understanding
relating to the specific mechanisms leagto this fracture, it is useful to categorise

this fracture type as a separate entity.

Atypical fracture patterns tend to occur perpendicular to the long axis of the femur and
are associated with chronic bending deformation around the level of the ptem ti
Atypical fractures are analogous to stress fractures and are associated with an increase
in cortical thickness and progressive horizontal fractAreecdotally,such fracture
patterns occur more frequently around older composite beam implants after many

years of loosening. Atypical fractures associated with other stem types are more



-44-
common in association with bisphosphonate usage, particularly in younger patients

(Leclerc et al., 2019 ee et al., 2018Robinson Jde et al., 2016

Clinical data orPOPFHracture patterns is typically descriptive inature and limited

to subjective descriptions of O6(Benalopl e 6,
et al., 2019 Meinberg et al., 2018 It appears that both fracture location along the
femur and fracture type are an important measurable variable of fracture pattern which
may be linked to mechanism. This research also demonstrates that there ttycurren
no objective method available for accurately recording@PFHracture position or

type which may allow comparison of fracture mechanisms between implants in clinical

data and validation of experimental methods.

2.11 Treatment methods

The treatment oPOPFFin general is well established mmostcases and a full review

and discussion of treatment methods is outsidéattigs of this thesis. It is important

to understand the treatment trends for periprosthetic fractures, and how subsequent
data is colle&d, since it affects the data available for research. mibst used
treatment algorithm is based on the Vancouver classification system, as previously
described. Vancouver A fractures are generally treated with-operative
management unless the avulsedyiment is significantlgdisplacedAbdel et al., 2015
Tsiridis et al., 2009 Vancouver B fractures canhdoretically be treated
conservatively, withORIF or with revision surgery with or without supplementary
fixation. Vancouver C fractures are treated with conservative management or ORIF.
Data regarding all treatment methods is widely available in the ééremall single
centre cohorstudieg(Khan, T. et al., 2017 however, the quality and homogeneity of
such studies is low which restricts the pooling of thesa daing standard meta

analysianethodgDeng, Y. et al., 2009Largescale highqualitydata is available for
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all revision surgery foPOPFFby the NJR. In genefrghe NJR data has a low
proportion of missing data and is able to follow patients without significant
geographical restrictior(®orter, M., 201y. One major restriction of this dataset is the
lack of POPFFwhich are treated by ORIBr managed conservativelgince only
revision operations are recorded. Other options are available and data is theoretically
available on all NHS admissions and thuP&IPFE admitted to NHS hospitals from
Hospital Episode Statiss data provided by NHS Digital but lacks hospital, surgeon
and implant information, which restricts the usefulness as an isolated data source for
orthopaedic analysis. Additionally, the effect of missing information regarding
procedures performed in ndfHS hospitals on large scaROPFFresearch has not
been evaluated. It is possible to link NJR and NHS digital data sources in order to

combine the richness of NJR and NHS data{lusthas not yet been attempted.

Metaanalysis of case series data fotinakt over 86% of caseof POPFFwere treated

with revision surgeryKhan, T. et al., 2017 These results are similar to those reported
for the Swedish hip arthptastyregistry SHAR), which found that only 10% of all
POPFFoccurring after cementless stem implantation were treated with ORIF. It is
reasonable to assume that high quality registry data iegaRDPFFtreated by
revision surgery only may be a useful data source for analy$t©BfFfollowing

cementless stemmed THR.
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2.12 Summary

POPFFis a relatively uncommon surgicpfoblem butis expected to become more
common as the proportion of older patewith hip replacements in society increases.
POPFFaccounts for a large proportion of failures of THR internationally and is
associated with increased patient mortality dmshbility despite the best available
treatment. In the context of healthcaregeneral POPFFis also associated with a
relatively small number of hospitatimissionsqompared to myocardial infarction for
instance) but a disproportionately large cost burden digagphy hospital stayarge
cost of implants, theatre time but mgsassociated loss of mobility and associated
increase in health and social care requirements. The true d®SR¥Hs likely to be

much greater once increased social care and personal costs are properly estimated.

Given the poor outcomes for patientsPOPFFE the need for focused prevention is
quite clear. The scope for prevention is limited by the ability of carers to significantly
change the risk profile of patients between a point where implantation is certain and
the time of expecte®@OPFFE This ime frame is likely to be small with cementless
stems, where the risk ®fOPFFis greatestind the time between implantation and

POPFF may be less than six months

2.12.1Targets for prevention

Modifiable risk factors which are associated with large decreadbs risk ofPOPFF

are obvious targets for deeper study and analysis. The target of study should ideally be
a risk factor which is amenable to change and associated with a low increcoshtal
(cost of change of in activity). The key constraints on thdifivation of such risk
factors are thehort window of opportunitpetween the decision to treat hip disease
with THR andPOPFF which can be as short as a few weésomov et al., 2017

and that the incidence is relatively I¢lindahl, 2007.
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This review has described increased risks associated withodaidities which may

not be easily manipulated in the short space of time available. Fallsasskot been
well studied but is likely to be associated WROPFF: since the majority oPOPFF
follow a fall from a standing height. Interventions which reduce the risk of falls in a
short space of time may be a useful tool to reduce the riBIOBFF(NHS, 20.9).
Multifactorial interventions are webstablished and associated with a 35% reduction
in falls risk in the elderly population. A relatively quick reductiorP@PFFisk may

be possible with targeting of patients at risk of falls at the point efre¢ffor THR.

This review has identified a range of implant variables which may affect the risk of
subsequenPOPFE Much of the current evidence suggests thast of therisk is
associated with the presence of a cementless fersteralbut the exact mchanism

is not clear. Cementless stem THR can give outstanding clinical results, particularly in
younger patients, where the need for long term survival is imperative. However,
modern cementless stems are not designed to be fracture resistant. A deeper
understanding of how the risk fOPFFincreases with the use of cementless stems
may lead to development in more appropriate product selection, implantation
techniquesand design. Retrospective analysis of current implant performance with
reference toPOPFFincidence, may help to develop hypotheses which can be

developed into future methods to red&@PFFncidence.

2.12.2Gaps in the current literature

There is a clear association between the risk of intraoperative fractufeCiriadF
either through separate exs in a population with common risk factors or through
occult intraoperative fractures which are identified pystratively(Yun et al., 2019
Thus, prevention oflOPFF may directly and indirectly reduce the risk BOPFF

However, the rationship betweeiOPFFandPOPFHs not well defined and further
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work is required to define the risk factors for each subtyd®BfFand explore the

relationship between these subtypes and the risk of subs&DERF

The association between impladésign features and risk ¢fOPFFis not well
understoodIT is clear form this literature review that whilst cemented stem infer a
lower risk of both IOPFF and POPFF, there are excellent reasons to use cementless
stems in hip replacement surgery. It iscalnlikely that the majority of surgeons
around the world, who use cementless stems, will simply switch to a cemented stem
to avoid a relatively small number of POPFF in the face of large perceived benefits of
a cementless sterfmplant adaptation througmplantselection or ralesign may be

a useful method of mitigatinGOPFFrisk associated with cementless stems. Current
evidence does not usefully attribute risk to specific design features, which can then be
tested empirically. For an effectivaplantbasedrevention strategy more robust and
accurate measures are required to understand how the risk associated with cementless

stems transpires.

A large underlying problem with the curreROPFFliterature is that there is no
objective means of quantifyindgracture patterns, which necessarily limits the
understanding oPOPFFmechanism and the mechanism by which an implant may
increase the risk oPOPFFE In turn this prevents objective validation of fracture

mechanisms used in biomechanical testing.

2.13 Structure of the thesis, and specific aims

As established in thkterature review POPFFis a significant problem for patients
undergoing THR and is associated with very poor outcomes both in the short and long
term, and incurs large associated health cardscatespite the best current
management techniques. As outlined, a sensible approach to reduce patient harm is to

reduce the incidence ¢tOPFFin patients undergoing THR. The first step in this
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approach is to establish as yet poorly understood risk sfcid? OPFFso that focused

harm reduction strategies can be implemented.

Current knowledge of risk factors is limited to patient characteristics and to implant
design in the very shallowest sense. The lack of knowledge regarding the risk
associated withOPFFand implant design features represent an important unmet need
which this thesis will aim to fulfilThe overarching hypothesis being tested with this
work is that the design features of a cementless stem influence the risk of subsequent

periprosthetidemoral fracture.

This thesis describes a program of work which explores the contribution of cementless
femoral implant design to the occurrenceP®PFFin the context of other patient,
surgical and implant related risk factors. This thesis aims to @jeegldencebased
hypotheses to explain which design features of cementless femoral implants are
associated with increasd®OPFFrisk using statistical models derived from large
datasets. Hypotheses will then be tested using radiographic and biomechanical

analyses.
The thesis will be comprised of six further chapters as follows:

Chapter Three Understanding the relationship betwd@PFF andPOPFFusing a

large national joint registry.

This chapter is comprised of two bodies of work which both use anatgmal dataset

to understandOPFFand the relationship tBOPFFE Firstly, the relationship between
IOPFFand the risk oPOPFHs described with reference to each particular anatomical
subtype oflOPFFE Secondly, this chapter estimates the relativeririton of risk
factors to the formation dOPFFto understand whethé?OPFFrelated tolOPFF

might be preventable.



-50-
Chapter Four Understanding the relationship between femoral implant design and

POPFFusing a large national joint registry.

This chaptedescribes the creation of a design database, which was used to construct
statistical models to understand the association between cementless femoral implant
designfeaturesand the risk of periprosthetic fracture. Firstly, the construction of a

large daabase using the NJR is described. Secondly, the estimated effect of femoral

implant design o?OPFFisk is reported.

Chapter Five Development of a manual segmentation method to record and

summarise®OPFFfracture patterns.

This chapter describes the dmment of a method to quantify radiographic records

of POPFFMpatterns and estimates the accuracy and repeatability of this method.

Chapter SixUsing radiographic records d?POPFFto quantifyPOPFF mechanism

and validate biomechanical methods.

The applicéion of this method to a clinical datasetRr®PFFoccurring following hip
replacement using a cementless femoral stem is then described. The fracture patterns
are described to understand the spectruRGRPFFaetiology and to estimate the likely

mechanisnof POPFFE which can then be simulated experimentally.
Chapter SeverHypothesis testing using an in vitblomechanicaPOPFFmodel.

This chapter describes the development and validation of an in vitro metRhQiP&i+
simulation using a paired cadaverietimod. The relationship between femoral implant
calcar collar and the risk ®#OPFFis tested to investigate the mechanism of action
using a simulate®?OPFFmodel. Finally, the relationship between femoral implant
calcar collar and the risk & OPFFis exgored to investigate mechanism of action

using a simulate@OPFFmModel.
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Chapter Eight Summary, conclusions and future directions.

This chapter synthesises the evidence reported ipréweedinghapters to describe
an overview of gaps in current knowledgnd how the work in this thesis furthers the
field of POPFFResearch. Limitations are identified and priorities for future research in

this field are proposed.
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Chapter 3 Intraoperative periprosthetic femoral fractures: a risk

factor for post-operative periprosthetic fracture

This chapter will firstly report on a study to understand the relationship between
IOPFFand subsequent implant and patient survival with specific referef@R&F

This sectionforms the basis of the publication:

Lamb JN et al.Patient and implant survival following intraoperative periprosthetic
femoral fractures during primary total hip arthroplastan analysis from the
National Joint Registry for England, Wales and the Isle of MBome and Joint

Journal 101-B (10):11991208 01 Oct 204

The secondection of this chapter describasstudy which outlines risk factors for

IOPFFE This study forms the basis of the publication:

Lamb JN, Matharu GS, Redmond A, Judge A, West RM, PanditRi€k factors for
intraoperative periprosthetic femalrfractures during primary total hip arthroplasty.
An analysis from the National Joint Registry for England and Wales and the Isle of

Man. The Journal of Arthroplasty 34 (12):30653073.e1 Dec 2019.
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3.1 Patient and implant survival following intraoperative
periprosthetic femoral fractures during primary total hip

replacement.

3.1.1 Introduction

As noted in the chapte2 THR is a highly successful procedure with a low
complication rate. One gnificant complication i9OPFF, which can occur in the
trochanteric reign, calcar or femoral diaphysiMastri et al., 2004 The incidence of
IOPFFin primary THR ranges fromi5% (Abdel et al., 2016pBerry, 1999 Ricioli

et al., 2015 MostIOPFFoccur during canal preparation and stem implantgfalel

et al., 2016Q when the circumferential strains of the proximal femur are higkéas

et al., 200], especially when the surgeon establishes implant stability through press
fit fixation with cementless implant§lasty et al., 1994 Treatment oflOPFF is
specific to facture type and stabilityDavidson et al., 2008 Calcar cracks are
commonly treated with cerclage wires or calfiésrend, M.E. eal., 2006 Abdel et

al., 2016bh, shaft fractures with internal fixation and/or revision to a distally fixed stem
(Abdel et al., 2016pand unstable trochanteric fractures with wiring or plaigdel

et al., 2016pTsiridis et al., 2009

Case series have reported excellent outcomes with appropriately ti€#REd
(Berend, K.R. et al., 200Mont, M. A. et al., 1992 More recently howevetQPFF

has been linked to an increased riskpoktoperativePOPFFand higherrisk of
revision (Miettinen et al.,2016 Berend, M.E. et al., 20Q6Abdel et al., 2016p
Thillemann et al., 2008It would seen reasonable to assume that different anatomical
types oflOPFFmight lead to different levels of risk of subsequeGPFF given that

each anatomical location will have a specific function with regards to load transfer and
stem function. The relationshijgtween type dfOPFFand risk of subsequeROPFF

is not clearly established. It might also be reasonable to assume that any subsequent
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revision surgery also increases@®dy and 9alay mortality(Jones, M.D. et al., 20]8
but the specific effect dOPFFon mortality has not yet been estimated. In order to
understand the cost to patientslOPFF it is important to describe the risk of future

revisionsandthe associated effect of further interventions on the risk of dying.

The purpose of this study was to estimate implant survival rates to an endpoint of
revision surgery, witttmphasi©n POPFFcompared to a matched cohort of patients
undergoing uncomplicated primary THR using data frorNbe, t he wor | dod s

joint registry.

3.1.2 Methods

3.1.2.1 Dataset

The NJR records patie and surgical data for all THRperformed at hospitals in
EnglandandWalessince 2003; with overall missing data estimated at 5Béfter,
M, 2018. SurgeorreportedOPFF, hasbeen collected sae ' April 2004. This study
investigated all primary stemmed Rd in the NJR from St April 2004 to 30th

September 2016.

3.1.2.2 Participants
793976 THRs were eligible for analysis. Exclusions were; missing folilgndata(n

= 15), cases from the Isle of M@low numbers, n= 153) and where the bearing type
was not a combination of metal on polyethyldiMoP), ceramic on polyethylene
(CoP), ceramic on cerami€oC) or metal on metéMoM) (n = 12 566)The resulting
subset of data included 781 242 primdmRs Institutional ethical approval was

granted for this study.

3.1.2.3 Variables

All variables relating to patient age, sex, ASA gréd@ vs 35), year of surgery, side,

surgical approact{anterolateral [Hardinge, anterolateral and lateral], trochanteric
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osteotomy, psterior, other), computer guided surgéyGS, minimally invasive
surgery, surgeon gradeonsultant versuson-consultant), hospital type, indication,
stem fixation type, bearing combination and type oforthisoprophylaxis were
included. IOPFF were reported as eithetcalcar crack Ghaft fractur§ é&haft
penetratiod drochanteric fractu@and text describingOPFFin the free text field

“other. Cases were classified as calcar, trochanter or shaftrfeact

3.1.2.4 Outcomes

The primary outcomes were implant survival and patient survival. Implant survival
was estimated until stemevision @ll stem attributable revisions: Aseptic stem
loosening [ASI, instability, POPFFE pain, infection, stem fracture, stem
malalignment) and separately for revisions indicatedPfoPFF instability, ASL and
infection. Implants which were not revised during follow up were censored. Patient
survival was estimated from primary surgentiudeath using prexisting NJR data
from the Office for National Statistics database, which provides data -@ausé

patient mortality, using unique patient identifiers.

3.1.2.5 Statistical analysis

Comparisons of continuous variablegiich were not normallydistributed were
performed with a MamWhitney U test, and categorical variables were compared with

P e ar shrsguare testsSince the dataset was large and multiple comparisons were
made, a significance level of p <0.01 was cho&envival analysis wa performed

using Kaplan Meier and Cox Proportional Hazards modelling. Direct comparison
between patients withOPFF would be biased by the difference in typical patient
characteristics, so propensity score matching was used to balance the group sf patient

with IOPFFto those without a fracture on important available covariates so that a fairer
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comparison can be madghe proportional hazards assumptions were satisfied for all

analyses. All analyses were performed ustny 3.5.1, Vienna, Austria).

Influence ol OPFF on implant survival

Propensity scores were used to match patients who susl@RE&(IOPFFgroup) to
similar patients withoutOPFF(Control group) at a ratio of 1:10 with a 0.04 standard
deviation GD) calliper matching width. Propensity scores were generated using
logistic regression and represented the probability that a patient sustail@eFF
during primary THR Variables used for matching were selected using a previously
established model dnincluded: age, gender, ASA grade, diagnosis, side of surgery,
lead surgeon grade, organisation type, computer guided surgery, approach, stem
fixation and bearing combination. Adequate balance ol@RF~Fvs control group

was assumed when the standadisneandifference §MD) was <10% for each
variable. Implant survival at up to y@arswas estimated using the Kapidteier
method and survival difference betwd@PFFand controls was assessed usifaga

rank test. Estimation of implant survival was assessed for each revision indication.
KaplanMeier plots were assessed visually to identify the time period in which a
difference in revision rate occurred betwd@PFF and controls. The influence of
IOPH- on implant survival during this period was assessed using univariate Cox
regression models to estimate the adjusted hazard ratio witrCO%PAR [95% Cl])

of revision for those withOPFFcompared to controls. Multiviable Cox regression

was utilised for subtypes ®PFF, which were adjusted for age, gender, ASA score,
indication for surgery, bearing combination and stem fixation to reduce confounding

error.

Influence ol OPFF on patient survival
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Unadjusted patient suval was estimated up to 10 yearsing the KaplaiMeier
method and compared betwd@PFFandcontrolgroups using a legank test. Cases
were coded according to whether the patient hd®©&fFand subsequent revision.
Multivariable Cox regression moldewere used to assess the influencéaFFon
mortality, which were adjusted for age, gender, Ag@Ade indication for surgery,
bearing combination, approach, stem fixation and thromboprophy(ldxist et al.,

2013.

3.1.3 Results
Following exclusionsthe overall prevalence dOPFFwas 0.626 (4833/781 242).

The prevalence dDPFFduringcementlesstem implantation was 0.8« (2969/ 341

115) and for cemeatistems was 0.42 (1864/ 440 127). Only two cases in tRPFF
group couldnot be appropriately matched. Matching was achieved at a ratio of close
to 1:10 within the parameters of the matching algorithm. Matching resulted in 4831
hips in thelOPFFgroup and 48154 hips in the control group. Good balance between
IOPFF and controlgroups wasachieved $§MD <8.3%, Table 3-1). Median (QR)
follow-up time inlOPFFand control groups weramilar (6.4 years [3.2 8.1] versus

5.5 years [3.28.3], p=0.305). Follow up ranged from 0.0 to 13.9 ye@al®th groups.

In the IOPFFgroup the prevalence stem only revision in the fivgears following

THR was significantly higher than in the contrgioup @.01% versus 2.01%,

p<0.001).
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Table 3-1 Description of balance between unmatched and matched cohorts. The table is continued on the following page

Unmatched SMD Matched SMD
Variable Level No IOPFF IOPFF No IOPFF IOPFF
n 776409 4833 48154 4831
IOPFFsubtype  None @6) 776409(100.0) 48154(100.0
Calcarcrack @o) 3018(62.4) 3017(62.5)
Shaftfracture 06) 340(7.0 340(7.0
Trochantericfracture @6) 1475(30.5) 1474(30.5)
Patient Gender Female %6) 475029(61.2 3560(73.7)  0.269*  35552(73.9 3558(73.6) 0.004
68.26(12- 68.25(15-
Mean age years(range) 69.25(11- 117) 105) 0.083 68.27(12-102) 98) 0.001
Age group 11 <50(%) 38225(4.9 390(8.1) 0.161* 3282(6.9 390(8.) 0.083
50 <60(%) 95318(12.3 672(13.9) 6570(13.6 672(13.9)
60 <70(%) 231378(29.9 1324(27.4) 14300(29.7) 1324(27.4)
70 <80(%) 279469(36.0 1543(31.9) 15997(33.2 1543(31.9)
80 <117(%) 132019(17.0 904(18.7) 8005(16.6) 902(18.7)
Side Right @6) 426349(54.9 2564(53.1) 0.037 25716(53.9 2563(53.1) 0.007
ASA grade 1 - Fit and healthy 06) 117874(15.2 729(15.1) 0.158* 7086(14.7) 729(15.1) 0.017
2 - Mild disease noincapacitating ¢o) 534690(68.9 3046(63.0) 30718(63.9 3046(63.])
3 - Incapacitating systemidisease %) 119598(15.4 1007(20.8) 9842(20.9 1005(20.8)
4 - Life threateninglisease %) 4129(0.5 49(1.0 482(1.0 49(1.0
5 - Expected to die withi@4hrs Q6) 118(0.0 2(0.0 26(0.1) 2(0.0
Indication Acute trauma including hifracture @6) 21685(2.9) 146(3.0 0.276* 1426(3.0) 146(3.0 0.022
Avasculamecrosis %) 10293(1.3 123(2.5 1180(2.5 123(2.5
Previoustrauma @6) 6974(0.9 168(3.5 1535(3.2) 166(3.4)
Inflammatoryarthritis (%) 8394(1.1 99 (2.0 993(2.1) 99 (2.0
Malignancy @6) 312(0.0 3(0.) 27(0.1) 3(0.)
Osteoarthritis ¢6) 717258(92.4 4103(84.9) 41082(85.3 4103(84.9)
Othe (%) 5651(0.7) 68 (1.9 660(1.4) 68(1.49
Paediatricdisease %o) 5185(0.7) 108(2.2 1132(2.4) 108(2.2
Previousarthrodesis $o) 236(0.0 2(0.0 17(0.0 2(0.0
Previousinfection ¢6) 421(0.2) 13(0.3 102(0.2) 13(0.3

Note All results areotalin group with percentage of variable total in parentheses apart from age which is also given as a mean with rangeS$NdDsis
<10% acceptable balance achieved. * is SMD >Btandardisedhean diference, ASA is American Society of Anesthesiologistsle pre-operative),
LMWH is Low molecular weight Heparin, TED is amimbolism stockings.
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Table 3-1 continuedDescription of balance between unmatched and matched cohorts.

Unmatched SMD Matched SMD

Variable Level No IOPFF IOPFF No IOPFF IOPFF

Approach Posterior @b) 447506(57.6 2669(55.2) 0.055 26541(55.]) 2669(55.2) 0.005
Anterolateral 6) 292455(37.7) 1923(39.8) 19218(39.9 1921(39.8)
Trochantericosteotomy%b) 2986(0.4) 13(0.3 121(0.3 13(0.3
Other @b) 33462(4.3) 228(4.7) 2274(4.7) 228(4.7)

Surgeon grade Nonconsultant %) 134866(17.4) 847(17.5) 0.004 8582(17.9 847(17.5) 0.008

Organisation Type  National healthservice @) 529370(68.2 3726(77.1) 0.204* 36959(76.8 3724(77.1) 0.009
IndependenHospital @b) 214471(27.9 984(20.4) 9975(20.7) 984(20.4)
Treatmententre {o) 32568(4.2) 123(2.5 1220(2.5 123(2.5

Stem fixation Cematless ¢0) 338158(43.6 2969(61.4) 0.364* 29524(61.3 2967(61.4) 0.002

Surgical technique  Minimally invasivesurgery @6) 53589(6.9) 336(7.0 0.002 3340(6.9 336(7.0) 0.001
Computer guidegdurgery ¢6) 20965(2.7) 77(1.6 0.076 788(1.6) 77(1.6 0.003
Thromboprophylaxis
Aspirin ©6) 93989(12.1) 443(9.2 0.095 5187(10.8 443(9.2 0.053
LMWH (%) 542559(69.9 3414(70.6) 0.016 34048(70.7) 3414(70.7) 0.001
Pent saccharide%) 8785(1.1) 62 (1.3 0.014 512(1.1) 62 (1.3 0.02
Warfarin o) 9539(1.2 67 (1.9 0.014 606(1.3 67 (1.4 0.011
Direct ThrombinInhibitor @6) 57713(7.4) 415(8.6) 0.042 3510(7.3 415(8.6) 0.048
Factor Xalnhibitor (%) 36140(4.7) 203 (4.2 0.022 2118(4.4) 203(4.2 0.01
Other chemicaprophylaxis #6) 53797(6.9 367(7.6) 0.026 3569(7.4) 365(7.6) 0.005
Footpump @6) 204865(26.9 1212(25.1) 0.03  12155(25.2 1212(25.1) 0.004
TED (%) 506125(65.2 3142(65.0) 0.004 31412(65.2 3141(65.0) 0.005
Calf compressiostocking $6) 304285(39.2 1987(41.1) 0.039 19215(39.9 1986(41.1) 0.025

Note All results areotalin group with percentage of variable total in parentheses apart fromhégjeis also given as a mean with range.
SMD is If SMD is <10% acceptable balance achieved. * is SMD Sahdardisedhean difference, ASA is American Society of
Anesthesiologistgrade pre-operative), LMWH is Low molecular weight Heparin, TED is amtibolism stockings.
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3.13.1 Influence of IOPFF on implant survival
Tenyear implant survival for stem revision was significantly worse inl@eFF
group compared toontrols ©5.4% [94.5 96.2] versus 96.8% [96i697.1], p<0.001).
The survival difference IeenlOPFFand controls beame apparent within the first
six months andlivergencegradually increased up 0 years Figure3-1). Relative
hazard of stem revision in the first six months duk®FFversus ndOPFFwas2.6
(Cl 2.07 3.4, p<0.001). Adjusted risk of stem revision within six months versus no
IOPFFwas greatest with trochanteriacture HR = 3.0 [Cl 1.97 4.8], p<0.001)
followed by shaffracture HR = 2.9 [Cl 1.2 7.1], p=0.018) and calcarack HR =

2.4 [ClI 177 3.3]. p<0.00} (Figure3-6).
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note: p = survival comparison using log-rank test.
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Figure 3-1 Femoral implant survival to all cause stem revision following THR
with IOPFF versus matched controls over 10 years.

Tenyear implant swival until revision for ASL was significantly worse in tHePFF
group compared taontrols ©9.0% [CI 98.71 99.4] versus 99% (99.27 99.4),
p=0.004). The implant survival difference betwedPFF and controls became
apparent within the first six mdmé and steadily increased to fiyears Figure 3-2).

Risk of revision in the first five years for aseptic loosening associated witlO&rF
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versus ndOPFFwas?2.1-fold (HR 2.1 [CI 1.3i 3.2] p=0.001). The adjusted risk of
stemrevision for ASL within five years versus OPFFwas greatest following shaft
fracture HR 7.2 [CI 2.9 17.7], p<0.001) followed by trochantefiacture HR 2.8
[CI 1.371 5.9], p=0.01) and least likely post calaaack HR 1.5 [CI 0.87 2.7],

p=0.20Q (Figure3-6).
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Figure 3-2 Femoral implant survival to revision for aseptic loosening following
THR with IOPFF versus matched controls over 10 years.

Tenyear implant survival untistem revision foPOPFFwas significantly worse in
the IOPFF group compared tgontrols ©8.8% [98.41 99.2] versus 99.4% [99.8
99.5], p<0.001). The survival difference betwé@RFFand controls became apparent
within the firstsix months and maintaidea similar trend up to teyears Figure3-3).
The hazard ratio of revision f&#OPFFover six months for anyJOPFF versus no
IOPFFwas4.2 (Cl 2.71 6.5, p<0.001). The adjusted HR of revision witsimmonths
for POPFFversus ndOPFFwas greatest following shaft fractufldR 4.4 [Cl 1.17
18.1], p<0.039) then calcar cra@hR 4.3 [2.61 7.2], p<0.001) and finally trochanteric

fracture(HR 3.6 [CI 1.6 8.3], p=0.003)Figure3-6).
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Figure 3-3 Femoral implant survival to revision for periprosthetic femoral
fracture following THR with IOPFF versus matched controls over 10 years.

Tenyear implant survival toevision for instability was significantly worsa the
IOPFFgroup compared toontrols 08.7%6 (Cl 98.3i 99.2) versus 99% (99.1- 99.3),
p<0.001). The survival difference betweBDPFF and controls became apparent
within the firstsix months and maintained a similar trend subsequently, up jetes
(Figure3-4). Risk of revision for instability associated witAPFFversus ndOPFF
within six months was almost thrdeld (HR 2.7 [Cl 1.81 4.2] p<0.001). Adjusted
risk of revision for instability versus n@®@PFFwithin six morths was greatest with
trochanteridractures HR 3.6 [Cl 1.8/ 6.9], p<0.001) then calcaracks HR 2.4 [CI
1.47 4.2], p=0.001) and then sh&factures AR 1.5 [C1 0.21 10.7], p=0.69) (Figure

3-6).
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Figure 3-4 Femoral implant survival to revision for instability following THR
with IOPFF versus matched controls over 10 years.

Tenyear implant survival for revision for infection was not significantly different in
the IOPFFgroup @mpared tacontrols ©9.26 (Cl 98.87 99.6) versus 99% (99.3
99.5), p<0.2) (Figure 3-5). Risk of revision for instability associated wilt@PFF
versus ndOPFFwas not statistically significant over thkenyearperiod HR 1.3[CI
0.97 2.0] p=0.184). Adjusted risk of revision for instability versus@BFFover ten
years was not statistically significant for calceacks HR 1.3 [CI1 0.8 2.1], p=0.37),
shaftfractures HR 3.0 [CI 0.0i infinite], p=0.99) or trochanterifractures HR 1.7

[C10.97 3.2], p=0.1) (Figure3-6).
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Figure 3-5 Femoral implant survival to revision for infection following THR with
IOPFF versus matched controls over 10 years.
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Note: Hazard ratio vs control group displayed with 95% confidence intervals on a
logarithmic scale. PFF = Periprosthetic fracture of the femur. ASL = Aseptic loosening
of the femoral stem.Hazard ratio is IOPFF vs no IOPFF in the first six months

apart from ASL, where hazard ratio represents increased risk over the first five years and
infection, where hazard is estimated over the course of ten years

Figure 3-6 Hazard ratios for different indications of stem revision for each IOPFF
type versus matched controls.

3.1.3.2 Influence of IOPFF on patient survival

Unadjustedsix-month patient mortality was 1.7% fqgratients withltOPFFand 0.9%
for patients withoutIOPFE Unadjusted teiyear patient mortality was also
significantly worse in thé€OPFFgroup compared toontrols £9.9% [CI 27.0° 30.8]
versus 25.7% [Cl 25.11 26.3], p<0.001). The survival difference WweenlOPFFand
controls became apparent within the fgst months and very slowly increased up to

tenyears Figure3-7).
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Figure 3-7 Patient survival to death following THR with IOPFF versus matched
controls over 10 years.

Estimated hazard of mortality during first six months gmstratively associated with
IOPFFversus ndOPFFwas1.8 (Cl 1.47 2.2, p<0.001). The adjusted HR of death
within 90 days for patients wittOPFFwho did not go onto revision versus patients
with no IOPFFor revision surgery wak.7 (Cl 1.37 2.2, p<0.001). The adjusted risk
of death within 90 days for patients witbPFFwho went onto revision within 90 days
versus patients with n/ODPFF and no revi®n surgery was 4.QCl 1.57 10.5, p

<0.001).

3.1.4 Discussion

Patients witHOPFFincur a higher risk of revision compared to those witHGRFF
and the risk of revision is related to the spedi@®FFsubtype. Patients wittOPFF
have almost double the kisf death at six months, compared to those withOBtFF
Patients who require early revision followil@PFF have a fowfold risk of dying

within 90 days.
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3.1.4.1 IOPFF and stem survival

Stem survival was worse for all possible revision end p@rtept forrevision for
infection followinglOPFFcompared to matched controls. The risk of all revision was
2.6 times the risk of controls for all cause stem revision, which is similar to other
studies(Thillemann et al., 2008 IOPFFincreased the risk of early revision for all

causes and specifically fROPFF: aseptic loosening and instability.

IOPFF have previously been linked to increased risk of revision fopgesthetic
fracture (Abdel et al., 2016pThillemann et al., 2008 In this study,IOPFFled to
significantly worse tetyear implant survival and a greater tHas-fold increase in

the risk ofPOPFFRevision within the first six months. The greatest risk was following
shaft fracture and calcar crack, which both increased the iaRBFFrevision within

six months by over foufold in comparison to matched controls. This demonstrates a
clear and strong association between the occurred@PéiFand subsequeOPFF
revision. EarlyPOPFFrevision following knownOPFFmay be the result of fixation
failure with fracture propagation due to either physiological loading or a new injury.

It has previously been suggested that a calcar crack is an innocuous injury when treated
appropriately(Berend, M.E. et al., 2006&chwartz et al., 19§9The true extent of

calcar cracks can be difficult to fully identify during primary surgery, which may lead

to inappropriate irrnal fixation. This may be due to reluctance to expose the proximal
femur fully and difficulty identifying fractures on intraoperative radiographs.
Intraoperative radiographs can be misleading because there is no fracture separation
when the implant isemoved,and the fracture is difficult to assess when a rasp or
implant remains implanted. Use of radiolucent stem replicas intraoperatively may
make the full extent of calcar fractures more obvious on intraoperative radiographs.
Whilst it is not possible tdetermine whethdlOPFFwere appropriately treated with

this dataset, it is clear that despite the treatment given to patients included in the NJR,
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the risk of subsequemOPFFis significantly raised and efforts to preveP®OPFF

should go hand in hand thiefforts to reduce the risk ®DPFF

Thillemann found that the risk of unspecifigdPFFwhich underwent intraoperative
fixation had a sevefold relative risk of revision for instability during the initial six
month period Thillemann et al., 2008These results demonstraitat the relative risk

of revision for instability was foufold higher with IOPFFE The risk was highest
following trochanteric andalcar fractures. Trochanteric fractures can lead to reduced
function of the hip muscles, stem subsidence and loss of stem v@Rsiddy et al.,
2017). Calcar fractures may compromise the primary stability during surgery leading
to sten subsidence over time which may slacken periarticular structures and lead to

instability (Rudiger et al., 20133 erch et al., 200}

IOPFF was associated with a significantly worse-yHar ASL revision rate.
Unsurprisingly, shaft fracture increased the risk of ASL revision seldnprobably
because of the reduced ability of the surgeon to generate ad&guatee stability to
withstand large hoop stresses generated by cementless and cemented implants, loss of
stability may lead to failure of osseointegration in cementless implants and loss of
mantle integrity around cemented implar@sirrent guidance adeates the use of a
distally fixed stem when adequate proximal fixation is not achi¢Vettidis et al.,
2009. It wasnot possible from this study to ascertain whether such guidetcleen
implemented. Interestingly calcar cracks did not leaa $aynificantly increased risk

of five-yearASL revision. This suggests that calcar cracks which are not revised for
othercauses do not lead implantloosening It may be that cases with calcar cracks
are more likely to be revised f®YOPFFrevision wihin the first few months rather
than ASLlater. TrochanteridOPFFwere associated with an almost thfekl increase

in risk of five-yearASL revision. Hip muscle dysfunction may increase the resultant

peak contact forces and joint reaction force measuremplanted femoral stems
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(Bergmann et al., 2001increasing the stress on the imptanhe interface and the
likelihood of failure. Trochanteric fractures may also reduce proximal stability if the
trochanteric fracture fragment includes a pafrthe distal metaphysis which may

normally stabilise the upper stem body.

This study did not show any difference in rates of revision for infection between
patients sustaining afOPFF and matched controls. This is surprising given the
expected increasa bperating time that might be expected followind@RFF, which

has previously been linked to an increased risk of infe¢idang et al., 2019 A

failure to eemonstrate any difference in rates of infections between groups may be due
to a lack of adequate controls in this observational study which prevent matching on
other important factorsvhich influenced the risk of infectiosuch as antibiotic

prophylaxis.

3.1.4.2 Patient survival following IOPFF

Patient survival in thdOPFF group was significantly worse up to -{@ars after
primary surgery. The difference in survival was evident within the first six months
postoperatively, where the risk of dying increased alntest-fold for any IOPFF
when adjusting for all other available fact@tunt et al., 2018 When modelling the
interaction ol OPFFand subsequent revision surgery within six months, patients with
IOPFFand no stem revision surgenad double the risk of dying versus those without
IOPFFor revision surgery. This demonstrates that part of the excess mortality may
come from thdOPFFas a result of increased blood loss, prolonged surgery, reduced
mobility and longer hospital stay. iRaf the excess mortality in tHOPFFgroup may

be due to increased revision burden since patients whaQRgF and subsequent
stem revision had a fodold increased risk of dying versus OPFFor revision in

the first six months.
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3.1.4.3 Limitations

Whilst registry data is crucial to the investigation of outcomes following uncommon
complications the results show association between recorded variables and observed
outcomes and do not necessarily represent causation. Confirmation of causation should
be soughtising the breadth of good clinical research findings. THR is very successful
and further advances are likely to take the form of small incremental changes. Despite
this, large numbers included in this study increased statistical power and may have led
to results which are statistically significant but do not reacleval of clinical
significanceand as such should be viewed within the overall clinical context by
experienced clinicians. The NJR records-sefforted intraoperative fractures and the
resultsare subject to reporting biasuch that fractures not evident to the surgeon or

not reported by the surgeon may be missed. The latter may have the effect of increasing
the severity of fractures in tH®PFFgroup if there was a tendency to only repoet th
worst fractures and increasing the likelihood thatrall number ofractures were
included in the control grouft. was not possible to determine the cause of death

as a resulit is not possible tascribe the increased risk of death to tB&FF or
subsequent revision, even though the link between revision surgery and excess
mortality has previously been establisliéones, M.D. et al., 2018t was not possible

to review radiographs to establish fracture patterns, and treatment modtilitias.
assumedhat the treatments given to hips in this stugfyresented normatactice put

the analysisould not control for the effect of surgeon treatment choice on outcomes
followingIOPFEThes e dat a do lkhwragdv ere smueé gvesagé emt t
surgeon. Propensity score matching achieved excellent balance between groups but
may rot have controlled for unobserved characteristics which were important for both
stem and patient survivarhis analysisvasunable to adjust for all the relevant factors

which determine postperative mortality and implant failure since our data did not
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include radiographic or detailed-ocmorbidity information and as a restitte analysis

was likely to be subject to errors due to confounding factdfss study did not
evaluate the risk of mortality associated with specific anatomical subtypes of IOPFF
and this should be evaluated in future studiks.addition,a small proportion of
patients will experience implant failure without undergoing revisangery for
example, conservative treatment or fixation of periprosthetic fracture) and as such will
not ke recorded in the NJRhis approach might be improved with data linkage to
hospital and primary care records. It is likely that linkage to patient reported outcome

measures would further illuminate the true effediQfPFFon patient outcomes.

3.1.4.4 Conclusions

This study has demonstratdtht IOPFFis associated with an increased risk of stem
revision in generalstem revisionfor POPFF ASL, and instability, and patient
mortality following primary THR. The risk of revision was dependent 8DPFF
subtype, adthe effect ol OPFFsubtype wa unique to each mode of failure. The risk
of subsequerOPFFRwas greatest when th®@PFFoccurred in the shaft followed by
calcar then trochanter. The increased risROPFFwas overfour-fold following any
type of IOPFF demonstrating thatOPFFis a significant risk factor for subsequent

POPFE

This study has also showhat patients witHOPFFhave a higher risk of mortality
than those withoulOPFF, and this effect appears to be comprised of both an
independent risk ofOPFFto the patient and the subsequent risk of revision surgery.
Whilst the absolute risk of death is still logrgeonsshould make every effort to
reduce the risk ofOPFFduring primary THR through careful selection of implants
and methods. Vigilant ghtification and treatment dOPFF is recommended to

prevent implant failure and reduce associated excess patient mortality.|QPIER
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does occur patients should be counselled regarding the increased risk of implant

failure, revision operations and mditya

This study clearly confirms th#®PFFis strongly associated with risk of eaHpPFF

It is reasonable to assume that preventiolO&fFFis a useful approach to reduce the
risk of a proportion oPOPFFollowing primary THR. This approach may alkave

the added benefit of reducing associated risks of revision for ASL and instability and

the associated increased risk of mortality.
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3.2 Risk factors for intraoperative periprosthetic femoral fractures

during primary total hip replacement.

3.2.1 Introduction

IOPFFcan occur in the trochanteric region, calcar or femoral diaplysisri et al.,

2004). In section 3.1of this chapter a strong relationship between the ridOBFF

and the subsequerisk of earlyPOPFFrevision has beedemonstratedThe overall
associated increased risk is over ffald. The risk ofPOPFFwas greatest following

shaft fractures, then calcar cracks, followed by trochanteric fractures. It is reasonable
therefore to sugest that any strategy to prevét®PFFshould include elements to
prevent the risk ofOPFF This may have the direct benefit of reduction of subsequent
POPFHisk but also the indirect benefit of reduction in other associated revision risks

and risk of nortality.

Prevention olOPFFby adjusting methods to suit the risk profile of the patient is an
obvious means to reduce risk of futld®PFF patient harm and ftlrer improve stem
survival. Nonmodifiable risk factors include female sex, increasing ager pone
guality andabnormal proximal femur morphologfbdel et al., 2016Nowak et al.,

2012 Ricioli et al., 2015 Miettinen et al., 2016Davidson et al., 2008 Established
modifiable risk factas include cementless stem fixation and surgapg@iroachdirect
anterior and HardingéBerend, M.E. et al., 200&lendel et al., 20QHartford et al.,
2018. IOPFFis relatively uncommon and previous studies have lacked the size and
power to accurately identify other relevant predictordOPFFas a whte andfor all
anatomicakubtypes. A deeper understanding of how risk factors relate to the specific
anatomical subtype will help to develop an understanding of the mechanism by which
the increased risk occurs and thus how it can be reduced by fututepsheesnt of

approaches, surgical techniques and implants. An understanding of specific risk factors
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for shaft and calcar fractures may allow for focused adaption of techniques which may

be most beneficial in the reductionP®PFFncidence.

The aim of thisstudy was to identify the risk factors for #DPFF and for each

anatomical subtype in tH¢JR.

3.2.2 Methods

3.2.2.1 Database

The NJRdataset was identical to that usedi@scribed in section 3.1.2.

3.2.2.2 Participants

793 977THRswere eligible for analysis. Exclusiomgere; cases from the Isle lfan
(low numbers, n= 153). The resulting subset of data included 793 823 piiiHRry
Institutional ethical approval wagranted,and the manuscript was approved by the

NJR.

3.2.2.3 Variables

All variables relating to patient aggeas), gender, ASA groufl-2 versus &%), year

of surgery, side of operation, surgical approac®S, minimally invasive surgery,
surgeon grade(consultant versus nesonsultant), hospital type, indication
(osteoarthritis [OA, trauma including fractured neck of femur [NPRvascular
necrosis [AVN, inflammatory arthritis,previous trauma, paediatric hip disease
[congenitl dysplasia of the hip, Perthes, skeletal dysplasia, slipped upper femoral
epiphysis], malignancy, previous arthrodesis, previous infection and other) and stem
fixation type(cemented versus cementless) were includedr of implantation was

used to estnate change in incidence 8DPFF with each subsequent year in the

registrydatasetgohort effect).

3.2.2.4 Outcome
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The study outcome was the occurrence of dOPFF Reported untoward
intraoperat ve events i n coaldarecrathIERaft ifracwrh dsdaé : 0
penetratiod drochanteric fractui@and®thed IOPFFwas includeds eithelb c al c ar
cracké, o6shaft fractured, Oandtextfdescripiggnet r a
IOPFF in the free text other. Cases were grouped as calcar, trochaoteshaft

fractures ghaft fracture and penetration). Shaft penetration was subsequently dropped

because none were recorded.

3.2.2.5 Statistical analysis

Analysis was conducted in two parts: firsitycidenceand risk factors for anfODPFF

and secondlyincidence and risk factors for eachOPFF subtype. Univariate
comparisons of continuous variables were performed with unpaitestst and
comparisons of categorical variables were performed wittsairare tests. Multiple
comparison of continuous variablasperformed withoneway ANOVA. Since the
dataset was large and multiple comparisons were made, a significance level of p <0.01
was chosen. A binary multivariable logistic regression mdadesing loglink)
estimated the relativesk (RR) of IOPFFand 95%CI for each variable compared to
normal practice where applicable. The model includes all variables and estimates the
individual effect of each variable whilst adjusting for the effects of other€dndrs

given to reflet uncertainty of these estimates. In the second part of the analysis,
modelling was repeated for fractures of the calcar, shaft and trochanter separately. All
analyses were performed using\B.5.1, R, Vienna, AustriéR Core Team, 20)8

Models were assessed using the concordatatestic C-statistic). The concordance
statistic was used because it best describes the accuracy of predicted obsefggtions.
was determined to be ndimear through fitting of lygher order terms, for clarity age

was categorised into fivgroups €50, 50<60, 60<70, 70<80, 80+ yearS)nce the

dataset was large, further analysis of interaction terms was performed to gain a deeper
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understanding of the effect of multiple covariat@s the incidence olOPFFE
Interactions were selectedpriori (Appendix A)and tested by the addition of a single
interaction term to the original multivariable models fot@PFFand each anatomical
subtype in turn. The addition of interaction termswarformed in a single step and
repeated for each term. Age was included as a continuous variable to increase accuracy
of modelling. The interaction term results were assessed visually if the interaction term

reached statistical significance.

To estimatethe overall relative effect of changing all significant modifiable risk
factors, comparisons were modelled to calculat&kfR€95% CI) of best versus worst
practice. The average risk ratio IGPFFwas calculated comparing typical OA hip
patients(female between 60 and 70 years, A®Aeor 2) undergoing THR with the

worst and best selection of modifiable risk factors.

3.2.3 Results

3.2.3.1 Part one: All IOPFF

Mean age GD) of patients in théOPFF group was statistically different to those
without IOPFF (68.3 (L2.7) years versu$9.2 (11.0) yeark (p<0.001) although not
clinically significant IOPFF occurred more commonly ipounger €50) andolder
(>80) patients. There were a greater proportion of female patientdQRRF than
thosewithout (73.7% versus 61.2%p<0.001). A greater proportion of patients with

IOPFFhad a norOA diagnosis [§<0.00) (Table3-2).
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No IOPFF IOPFF
Variable Level n =788886 n =4938 p
Side Left 355795 45.10%) 2318 46.94%) 0.01
Right 433091 54.90%) 2620 63.06%)
Age group 11<50 39044 6.95%) 401 8.12%) <0.001
50 <60 97113 (2.31%) 693 (14.03%)
60 <70 235370 29.84%) 1346 @7.26%)
70 <80 283522 85.94%) 1567 B1.73%)
80 <117 133836 16.97%) 931 (18.85%)
Patient gender Male 306259 88.82%) 1294 @6.20%) <0.001
Female 482627 61.18%) 3644 (73.80%)
ASA group 1&2 663280 84.08%) 3857 (78.11%) <0.001
3-5 125606 15.92%) 1081 @1.89%)
Acute trauma
Indication including NOF 22003 2.79%) 148 (3.00%) <0.001
AVN 10476 .33%) 123 R.49%)
Previous trauma 7116 0.90%) 174 (3.52%)
Inflammatory
arthritis 8559 (1.08%) 102 R.07%)
Malignancy 324 0.04%) 3 (0.06%)
Osteoarthriis 728590 92.36%) 4194 84.93%)
Other 5841 0.74%) 68 (1.38%)
Paediatric disease 5301 0.67%) 111 R.25%)
Previous
arthrodesis 242 (0.03%) 2 (0.04%)
Previous infection 434 0.06%) 13 (0.26%)
Stem fixation Cemented 444465 56.34%) 1901 38.90%) <0.001
Cemerless 344421 43.66%) 3037 61.50%)
Lead surgeon
grade Consultant 651975 82.65%) 4077 82.56%) 0.895
Non consultant 136911 17.35%) 861 (17.44%)
Organisation type NHS 538646 68.28%) 3813 (77.22%) <0.001
Independent
Hospital 217567 (27.54%) 999 0.23%)
Treatment centre 32973 6.18%) 126 R.55%)
Approach Posterior 454410 $7.60%) 2721 65.10%) 0.002
Anterolateral 297414 87.70%) 1967 (39.83%)
Trochanteric
Osteotomy 3017 0.38%) 14 (0.28%)
Other 34045 4.32%) 236 @.78%)
Minimally
invasive surgery  No 734072 93.05%) 4595 ©3.05%) 1.000
Yes 54814 6.95%) 343 6.95%)
Computer guided
surgery No 767300 97.26%) 4857 08.36%) <0.001
Yes 21586 @.74%) 81 (1.64%)

Note Results areumbers % of column group). ASA Aerican Society of Anaesthesiologists
grade, NHS National Healt®ervice England and Wales), NOF Neck of femur fracture, AVN
Avascular necrosis. ins denotes insufficient numbers for analysis.

3.2.3.2 Risk factors for IOPFF

Adjusted elative risk oflOPFFalmostdoubled infemales RR 1.91 [C1 1.792.03) (
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Table 3-3). Risk of IOPFFincreased significantly in thgounger édge <50, RR 1.21

[CI 1.081.37]) and olderpatients $80, RR 1.23 [Cl 1.14.34]) versus patients
betveen 70 and 8@ears p<0.01,Figure3-8). Risk ofIOPFFwas 1.08 in left sided

THR (Cl 1.021.14 (p<0.01). Risk oiOPFFincreased with worse ASgroup 3-5)

(RR 1.45 [CI 1.351.55]). All non-OA indications signitantly increased the risk of
IOPFFapart from acute trauma and malignancy. Surgical predictors increasing the risk
of IOPFF included cementless femorahplants RR 2.40 [Cl 2.2&2.55]) and
anterolateralapproach RR 1.09 [Cl 1.031.16]). Risk ofIOPFF was significantly
reduced when THR was performed in a4iMiHS hospital or when CGS wased RR

0.51 [CI 0.410.65] (p<0.01).

1.34

1.24

1.14

Relative risk

1.0

0.9

11 to <50 50 to <60 60 to <70 7010 < 80 80+
Age group (years)

Note: relative risk vs age 70<80 group displayed with 95% confidence intervals, except age group 70<80
which is the reference group

Figure 3-8 Adjusted relative risk of IOPFF in different age groups Relative risk
was adjusted for all model covariates.
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Table 3-3 Predictors of anyIOPFF during primary total hip arthroplasty

Variable Relative risk (95%
Level Cl)
Side Right reference
Left 1.08 (1.02-1.14)*
Gencer Male reference
Female 191 (1.79-2.03)*
Age 11 <50 1.21 (1.08-1.37)*
50 < 60 1.05 (0.95-1.15)
60<70 0.94 (0.87-1.01)
70<80 reference
80 <117 1.23 (1.14-1.34)*
ASA grade ASA 12 reference
ASA 35 1.45 (1.35-1.55)*
Indication for
surgery Osteoarthritis reference
Acute trauma including NOF 1.13 (0.96-1.34)
AVN 1.81 (1.51-2.17)*
Previous trauma 3.80 (3.27-4.42)*
Inflammatory arthritis 1.75 (1.44-2.13)*
Malignancy 2.01 (0.65-6.22)
Other 1.85 (1.45-2.35)*
Paediatric disease 2.78 (2.28-3.38)*
Previous arthrodesis 1.25 (0.31-4.96)
Previous infection 4,92 (2.88-8.40)*
Stem fixation Cemented reference
Cementless 2.40 (2.26-2.55)*
Grade of surgeon  Consultant reference
Non casultant 0.96 (0.89-1.04)
Organisation type  NHS reference

Surgical approach

Surgical technique

Cohort affect

Independent hospital

Treatment centre
Posterior

Anterolateral

Trochanteric Osteotomy
Other

Minimally invasive surgery
Computer guided surgery

0.68 (0.63-0.73)*

0.58 (0.49-0.70)*
reference

1.09 (1.03-1.16)*
0.97 (0.57-1.63)
1.08 (0.94-1.23)
0.98 (0.87-1.10)
0.51 (0.41-0.65)*

Subsequent year of primary surgery 0.97 (0.96- 0.97)*

Observations 793,823
C statistic 0.68

Note:Results are relativesks @5% CIl).ASAAmerican Society oRAnesthesiologists
grade, NH\ational Health ServicéEngland and WalesNOF Neck of femur fracture,
AVN Avascular necrosis.*p<0.01
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3.2.3.3 Part two: IOPFF subtypes

Fractures a#cting the calcar were masimmon ( = 3080 (Table3-4). Calcar cracks
occurred more frequently in patients <60 when compared to other fracture types. A
smaller proportion of patients with shaft fractures werealenwhen compared to
calcar and trochanterifractures §9.9% versus 72.7% and 77.0%)=0.002).
Cementless implants were used more commonly in calcar fractures than shaft or

trochanteridractures 73.0% versus 53.7% and 39.8% respectivgly0.001).
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Table 3-4 Summary of patients with IOPFF fractures by subtype

Shaft Trochanteric
Calcar crack fracture fracture
Variable Level n=3080 n=352 n=1506 p overall
Side Right 1636 63.12%) 185 (62.56%) 799 63.05%) 0.980
Age group 11 <50 330 @0.71%) 28 (7.95%) 43 (2.86%) <0.001
50 <60 511 (16.59%) 30 8.52%) 152 (@10.09%)
60 <70 899 29.19%) 82 (23.30%) 365 24.24%)
70 <80 906 29.42%) 106 30.11%) 555 (36.85%)
80 <117 434 (L4.09%) 106 30.11%) 391 @25.96%)
Patient gender Female 2238 (12.66%) 246 69.89%) 1160 {7.03%) 0.002
ASA group 1&2 2534 82.27%) 251 (71.31%) 1072 {71.18%) <0.001
3-5 546 (L7.73%) 101 8.69%) 434 (28.82%)
Indication Osteoarthritis 2630 85.39%) 280 (79.55%) 1284 85.26%) 0.001
Acute trauma
including NOF 86 2.79%) 11 83.12%) 51 3.39%)
AVN 84 2.73%) 6 (1.70%) 33 2.19%)
Previous
trauma 92 2.99%) 30 8.52%) 52 (3.45%)
Inflammatory
arthritis 54 (1.75%) 8 (2.27%) 40 (2.66%)
Malignancy 1 (0.03%) 0 (0.00%) 2 (0.13%)
Other 43 (1.40%) 7 (1.99%) 18 (1.20%)
Paediatric
disease 80 2.60%) 8 (2.27%) 23 (1.53%)
Previous
arthrodesis 1 (0.03%) 0 (0.00%) 1 (0.07%)
Previous
infection 9 (0.29%) 2 (0.57%) 2 (0.13%)
Stem fixation Cemented 831 (26.98%) 163 @46.31%) 907 60.23%) <0.001
Cementless 2249 {73.02%) 189 (63.69%) 599 39.77%)
Lead surgeon  Consultant
grade 2601 84.45%) 294 83.52%) 1182 [78.49%) <0.001
Non consultant 479 @5.55%) 58 (16.48%) 324 21.51%)
Organisation NHS
type 2278 73.96%) 262 (74.43%) 1273 84.53%) <0.001
Independent
hospital 713 23.15%) 80 (22.73%) 206 (13.68%)
Treatment
centre 89 (2.89%) 10 2.84%) 27 (L.79%)
Approach Posterior 1839 £9.71%) 160 @5.45%) 722 (47.94%) <0.001
Anterolateral 1109 36.01%) 164 @46.59%) 694 46.08%)
Trochanteric
Osteotomy 8 (0.26%) 2 (0.57%) 4 (0.27%)
Other 124 @.03%) 26 (7.39%) 86 (6.71%)
Minimally invasive surgery 244 (7.92%) 20 (6.68%) 79 (6.25%) 0.002
Computer guided surgery 54 (1.75%) 5 (1.42%) 22 (1.46%) 0.723

Note Results aremumbers ¢ of column group). ASA is American Society of Anaesthesiologists grade
NHS is National Healtl$ervice England and Wales), NOF is Neck of femur fractare] AVNis
Avascular necrosis.
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3.2.3.4 Risk factors for IOPFF by fracture subtype

Patient factos increasing the risk ®PFFin all fracture subtypgwere female gender

and ASA gradehree tdfive (Table3-5). Relationship between age and risk@PFF

varied by fracturesubtype Figure3-9). Risk of calcar crack significantly increased in

the youngest aggroups 50<60 [RR1.18 (.051.31)], <50 [RRL.52 CI 1.331.75)]

p<0.01). Risk of shaft fracture increased significantly in patients@¥@R 1.93 [CI

1.472.54 p<0.01). Risk of trochanteric fracture increased steadily with age.
Indications for THR which increas®©PFF risk for all fracture locations included

previous trauma and paediatric disease. Risk of calcar crack also increased for surgical
indications intuding AVN, inflammatoryd s eas e, pr eviothadRisk nf ect
of shaft fracture increased for surgical indications including previous infection and
@thed Risk of trochanteric fracture increased for surgical indication of AVN and

inflammatory hp disease.
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Table 3-5 Predictors of IOPFF subtypes during primary total hip replacement

Variable

Level

Calcar cracks

Shaft fractures

Relative risk (95% CI)

Trochanteric
fractures

Side
Gender

Age

ASA grade

Indication

Stem
fixation

Grade of
surgeon

Organisation
type

Right

Left

Male

Female

11 <50

50 < 60

60< 70

70< 80

80< 117
1&2

3to5
Osteoarthritis
Acute trauma
including NOF
AVN
Previous trauma
Inflammatory
arthritis
Malignancy
Other
Paediatric
disease
Previous
arthrodesis
Previous
infection

Cemented
Cementless
Consultant
Non consultant
NHS

Reference

1.07 (1.00 1.15)
Reference

1.91 (1.76 2.06)*

1.52 (1.33 1.75)*

1.18 (1.05 1.31)*

1.00 (0.91- 1.09)
Reference

1.09 (0.97-1.22)
Reference

1.27 (1.16- 1.40)*
Reference

1.25 (1.00- 1.55)

1.85 (1.48 2.31)*
3.63 (2.95 4.46)*

1.47 (1.13 1.93)*

1.42 (0.20- 10.05)
1.87 (1.38 2.53)*

2.58 (2.04- 3.25)*
0.94 (0.13 6.62)
5.27 (2.76- 10.05)*

Reference

3.76 (3.46- 4.09)*
Reference

0.96 (0.86- 1.06)
Reference

1.09 (0.88 1.34)

1.46 (1.16 1.84)*
1.30 (0.82- 2.05)
0.71 (0.47- 1.07)
0.88 (0.66- 1.18)

1.93 (1.47- 2.54)*

1.79(1.40- 2.29)*

1.26 (0.68 2.32)

1.35 (0.60- 3.08)
9.01 (6.14 13.24)*

2.21 (1.09- 4.50)
ins

2.82 (1.32 6.00)*

3.75 (1.76- 7.95)*

ins

12.00 (2.97 48.58)*

2.05 (1.64 2.56)*

0.89 (0.67- 1.20)

1.10 (0.99 1.22)

2.06 (1.82 2.32)*
0.46 (0.33 0.64)*
0.83 (0.69 0.99)
0.84 (0.73 0.96)

1.29 (1.13 1.47)*
1.69 (1.50- 1.90)*

0.95 (0.72- 1.26)

1.89 (1.33 2.68)*
3.09 (2.34 4.08)*

2.30 (1.68 3.16)*

2.97 (0.74-11.90)
1.61 (1.01- 2.56)

3.58 (2.32 5.53)*
2.24 (0.32 15.84)

2.87 (0.7211.48)

1.13 (1.02- 1.26)

0.98 (0.86- 1.11)

L”Odsep‘i’tzrrde”t 0.77 (070-0.84)*  0.91 (0.70-1.19)  0.46 (0.40- 0.54)*
Treatment centre  0.63 (0.51-0.79)*  0.82 (0.43 1.55)  0.41 (0.28 0.60)*
Approach Posterior Reference
Anterolateral 0.94 (0.87-1.02)  1.54 (1.231.93)*  1.36 (1.22 1.51)*
Trochanteric
Ostooomy 1.03 (0.51- 2.05) 2.03 (0.51- 8.16) 0.77 (0.29- 2.05)
Other 0.83 (0.69-1.00)  2.06 (1.36-3.12)*  1.51 (1.21- 1.89)*
Surgical Minimally 1.01 (0.88 1.16) 082 (0.50-1.32)  0.92 (0.72 1.18)
technique invasive surgery
glj’rgg;ter guided 53 (040071 049 (0.191.25)  0.48 (0.31- 0.76)*
Cohort Subsequentyear g6 g g5 () 97)* 0.96 (0.93 0.99) 0.98 (0.97- 1.00)
affect of surgery
Observations 791965 788671 790391
C statistic 0.71 0.69 0.68

Note: Results are relative risk95% CI).ASA isAmerican Society of Anesthesiologigigade, NHS is
National Health ServicéJOF isNeck of femur fractureand AVN isAvascular necrosisns denotes
insufficient numbers for meaningful analysis and * is p<0.01
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Note: relative risk vs age 70<80 group displayed with 95% confidence intervals except
for reference group (70<80).

Figure 3-9 Adjusted relative risk of IOPFF for each age group stratified by
anatomical subtype.

Cementless implants more than doubled the ristatfar RR 3.76 [Cl 3.46 4.09],

p<0.01) and shaft fractursubtypes RR 2.05 [Cl1.642.56], p<0.01). Posterior

approach and CGS significantly decreased the risk of shaft fractures and trochanteric

fractures.

3.2.3.5 Interactions between risk factors

The predicted prevalence of any IOPFF increased with worsening ASA group but the

effect of ASA was greatest when cementless stems were used in comparison to

cemented stem@-igure 3-10). The predicted prevalence WPFFin patients with
cementless stems was not age dependent and was greater than teagegraticted
when using a cemented stem, although the riskO&fFF with a cemented stem
increased withage Figure3-10). Predicted prevalence of aiyPFFincreased with
age in patients with OA, whereas patients t h a di agnosi s of

NOF6 and O6otherdé6 were predicted to

6ac

expe
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prevalence of anyOPFF in younger agegroups Figure 3-10). The relationship
between ge and diagnosis remained consistent to the overall effect when patients
underwent surgery foDA (Figure 3-10) . Patients with a diag
predicted higher prevalence of a@PFFwhen using cementethd cementless stems
in younger age groups and the prevalence ofl@®RFFdecreased in oldgratients
(Figure 3-10). The predicted prevalence of calcar crack increased in females versus
males and in cementless ses cemented stem but the effect of cementless stems on
risk of calcar crack was much larger for females thaales Figure 3-11). The
predicted prevalence of calcar cracks increased in younger patients in those
undergoing THR with cementless stems, whereas the predicted prevalence of calcar
cracks with cemented stems was consistently low across the age range of patients in
thestudy Figure3-11). The predicted prevalencesifaft fracture was much increased
in older females, whereas the predicted prevalence of shaft fracture remained
consistently low across all ages with cementeplants Figure3-11). The predicted
prevalence of trdtanteric fracture was higher in younger patients when THR was
performed for acute trauma including NOF in comparison to THR performed for
osteoarthritisfigure3-11). Predicted prevalence of trochanteric fractuess Wwighest
in consultants perfor ming -consutdnts using thep pr o
same approach, whereas predicted prevalence of trochanteric fracture was roughly
equivalent between lead surgeon grades using other apprq&oine® 3-11). The

fixed effects of statistically significantteractions are given ihable3-6.
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Figure 3-10 Statistically significant interaction terms which predict a change in
predicted prevalence olOPFF using a multivariate model.Note: "A” demonstrates

the interaction of ASA grade and stem fixation on riskO®FFrisk. ‘B demonstrates

the interaction of patient age and stem fixatiarpoedicted prevalence of alQPFFE

"C" demonstrates the interaction of patient age and indication for primary surgery on
predicted prevalence of anfOPFFE Only diagnoses which reached statistical
significance and osteoarthritis (reference) are displayéd demonstrates the
interaction of patient age, indication for primary surgery and stem fixation on predicted
prevalence of anfOPFF Only diagnoses which reached statistical significance and
osteoarthritis (reference) are displayed. * denotes thé ¢éeategorical variable at
which the interaction reaches significance.
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Figure 3-11 Statistically significant interaction terms which predict a change in
predicted prevalence olOPFF using a multivariate model.Note: "E” demonstrates

the interaction of patient gender and stem fixation on predicted prevalence of calcar
crack. 'F° demonstrates the interaction of patient age and indication for surgery on
predicted prevalence of calcar crack. Only diagnoseégch reached statistical
significance and osteoarthritis (reference) are displayed. "G° demonstrates the
interaction of patient age and gender on predicted prevalence of shaft fracture. "H’
demonstrates the interaction of patient age and indication fgersuon predicted
prevalence of trochanteric fracture. 'I" demonstrates the interaction of lead surgeon
grade and surgical approach on predicted prevalence of trochanteric fracture. * denotes
the level of categorical variable at which the interactionlreasignificance.
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Table 3-6 Fixed Effects of Statistically Significant Interaction Terms in
Multivariate Model .

Outcome Interaction Interaction level RR p

Any IOPFF ASA : Fixation ASA grade 3to 5: Cemertis stem 0.83 <0.01
Age increase of one year

Any IOPFF Age : Fixation Cementless stem 0.99 <0.01
Age increase of one year : Acut

Any IOPFF Age : Indication trauma including NOF 0.96 <0.01

Any IOPFF Age : Indication Age increase of one year : Other 096 <0.01
Age increase of one year : Othe

Any IOPFF Age : Indication : Fixation Cementless stem 0.08 <0.01

Calcar crack  Gender : Fixation Female gender : Cementless ster 1.44 <0.01

Calcar crack  Age : Indication Age increase of one year : Other 0.96 <0.01
Age increase of one year : Fema

Shaft fracture Age : Gender gender 1.04 <0.01

Trochanteric Age increase of one year : Acul

fracture Age : Indication trauma including NOF 0.95 <0.01

Trochanteric

fracture lead surgeonapproach Non-Consultant Other 0.25 <0.01

Note: IOPFF indicates intraoperative periprosthetic femoral fracture, RR indicates relative
associated with interaction term, p indicates the significance of the interaction term in the multiv
model indicated inOPFFtype, THRindicates total hip replacement, CGS indicates computer gu
surgery, ASA indicated American society afiaesthesiologistand NOF indicates neck of femt
fracture

3.2.3.6 Effects of combined predictors
Combined relative risk afalcarlOPPF was/.72 (95% CB.65 t010.50)when using

the worst(cementless stem viathebor Anterolateral approach without CGS) versus
the bes{cemented stem via posterior approach with CGS) selection of modifiable risk

factors when operating on a typical OA hip pati@rable3-7) (p<0.01).
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Table 3-7 Odds ratio of IOPFF in a typical OA patient undergoing THR using a
selection of worst vs best modifiable risk factors.

Fracture type OR (95%Cl) p

All fractures 4.29 (3.34-5.51) <0.001*
Calcar crack 7.72 (5.65-10.50) <0.001*
Shaft fracture 2.93 (2.17-7.32) 0.02
Trochanteric 1.64 (1.02- 2.64) 0.042

Note: Bestscenario Cemented stem, posterior approach an
computer guided surggr, worstscenario Cementless stem,
Anterolateral or other approach without computer guided
surgery. OR odds ratio, ClI confidence interval, * p<0.01

3.2.4 Discussion

This paper outlines new risk factors fi@PFF which can be used to identify and
protect patnts undergoingHR. Risk of IOPFFis highest at extremes of age and not

just the older patient population. In particular, the risk of calcar and shaft fractures
increases in younger patients. Higher preoperative ASA grade is associated with
increased rislof IOPFFE IOPFFrisk did not rise in hip fracture but did increase in all
other norROA diagnoses. Cementless stem use is associated with increased risk of
calcar and shaft fractures. Cementless stems appear to be andggendentisk

factor for anylOPFF. Anterol ater al and O6otherd app
trochanteric and shaft fractures versus posterior approach. Computer guided surgery
reduced risk of anJOPFF, and its effect appeared to affect all patients consistently.
With judicious adjstment of modifiable risk factors, a potential sef@d reduction

in relative risk ol OPFFmay be achieved.

3.2.4.1 Patient related risk factors for IOPFF
The risk ofl OPFFapproximately doubles in femalésbdel et al., 2016pMiettinen

et al., 2016 Ricioli et al., 2015 Ponzio et al., 2015 Theseresults have shown an
increasing predictemhcidenceof shaft fracture with increasing age in females, but no

other interaction effect of age on gender in other anatomical subtypes. Female patients
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had a fowfold increased risk of fracture when cementless stems were used in
comparison to cemented stems, whereas males experienced a doubling of fracture risk
with cementless stems versus cemented stems. Gender differences aneéhgender
interactions may exist becaulsgnales are affected by pastenopausal osteoporosis
which reduces bone strendtbsterhoff et al., 2006 A similar risk ofPOPFFas been
associated witliemales(Singh, J.A. et al., 2013Veek et al., 2011Gromovet al.,

2017 Berend, M.E. et al., 20Q&.indbergLarsen et al., 20)7and particularly with
cementless sten{$hien et al., 2014 In addition to this it has been demonstrated that
the proximal femurof female patients undergoing THR are smaller and
disproportionately narrower in the anteropostedioection at the level of the calcar
than male femur@onnin et al., 2016 This may cause femuimplant size mismatch

and contribute to the increased riskrafcture in female patients.

The greatest age associated risk was seen in both patients below 50 years and above
80 years old. Prevalence of at@PFF increased in younger patients with acute
fracture and 6ot her & i ndi rmcedsingpageshasrbeen at i v
previously associated with highEdDPFFfracture risk(Abdel et al., 2016pRicioli et

al., 2019. Young patients may be at greater risk of calcar and shaft fractures because
the proximal femoral canal is typically tighter and requires more prolonged and
forceful rasping. Many young patients requiring hip replacement have dysplastic
proximd femora which may be particularly narrow or osteoporotic. The risk of
trochanteric fracture increased with age in patients V@#, but analysis of
interactions demonstrated that the predicted prevalence of trochanteric fracture
decreased with age to beldhat of OA in older patients with a diagnosis of acute
fracture including NOF. Given that the metaphyseal bone of the trochanter is
particularly vulnerable to osteoporosis, it is not clear why patients with NOF might

have a lower risk of trochanteric ttare than patients with OA. Perhaps increased
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surgeon awareness of osteoporosis in patients with NOF may reduce the risk of

trochanteric injury.

Patients undergoing left sided THA have an 8% increased risk of IOPFF (p<0.001)
(table 2).Interestingly thisrisk was of a similar magnitude to that inferred by an
anterolateral approach (versus posterior). Toigld be due to surgeon handedness,
which has been shown to affect surgipgalformance during TH@ennington et al.,

2014). It may be possible that when surgeons operate on a left hip they are more likely
to injure the femur. With the patient supine or in lateral position most surgeons would
be holdingthe rasp or implant with their left hand. It is possible that on average, right
handed hammer blows are applied with more force or guidance of rasp or implant with
the left lacks as much control as when performed with the right hand. Such hypotheses

shouldbe tested with further study.

Inflammatory arthritis, previous trauma and NOF are commonly associated with
periarticular osteoporosis and increased riskl@PFF This study did not find
increased risk ofOPFFwith THR for NOF, which is a surprising fimty. Patients

with NOF are typically older and perhaps more likely to have a wider proximal femoral
canal, which reduces femoral stem mismatch. This study confirmed that AVN,
previous trauma and previous infection were associated with a significant encreas
IOPFFrisk (Ricioli et al., 201%. Exposure to steroids, associated osteopenia and / or
postoperative bone loss or fibrosis may make exposure and feoaorall preparation
precarious. Worse ASA grade is strongly associated with incré@g&deFrisk. ASA

is likely to be a surrogate marker for health conditions which can affect the integrity
of the proximal femoral bone stock. ASA grade may be a useful misator for

surgeons deciding which implants and techniques to adopt.
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3.2.4.2 Surgery / surgeon related risk factors forlOPFF

Increased relative risk ®PFFassociated with cementless implant usage is reflected
universally in the literatur€&hao et al., 201 7Abdel et al., 2016aAbdel et al., 2016b

Berry, 1999 Miettinen et al., 201,8Berend, M.E. et al., 200®avidson et al., 2008

We have demonstrated that the effect of cementless stem use resulted in a constant
elevated predicted prevalence of d@PFFacross all age ranges. Associated risk of
calcar and shaft fractures also independently increasttdcementless stem use.
Calcar or shaft fractures tend to occur during canal preparation and stem insertion
(Abdel et al., 2016pwhere most cementless femoral implants use a pres$ithw
increases femoral cortical strai@asty et al., 1994The increased risk of calcar crack
associated with cementless stems was most noticeable in femalespaieititere was

no significant aggender interaction when predicting calcar cracks. It is possible that
there are gender differences between the morphology of female and male proximal
femurs which may predispose female to calcar cracks during cemeniess s

implantation but there is little evidence to support this observation.

Cementless stem survival has previously been shown to be better in a younger
population of patients perhaps because of better bone stock which reduces the risk of
perioperative comiations likelOPFFandPOPFHWangen et al., 2037In younger
patients where it has been shown that cementless femoral stems may survive longer
the increasedsk of IOPFFand associated sequelae must be weighed up against the
potential benefit in stem survival, particularly in patients with proximal femoral
features appear weak or which may require prolonged or forceful prepar&tieon.
decision to use cemengkeor a cemented stem is complex and given that riSKRIFF
increased in the youngest patients in this study perhaps surgeons and policy makers
should use other standardised variables to identify groups in which survival with

cementless stems is better.
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Surgical approach to the hip is a contentious topic with rising popularity of the direct
anterior approach because of potentially reduced dislocation rates and faster recovery.
Hardinge approach has previously been identified as a risk fact@méir(Zhao et
al., 2017 Miettinen et al., 2016Berend, M.E. tal., 2006 Hendel et al., 2002 The
Hardinge and direct anterior approach can place significant forces on trochanteric
muscle attachments and the femur, which are under tension during canal pmeparat
and implantation(Hendel et al., 20Q2Hartford et al., 2018 Increased rotational
loading of the trohanter and shaft during anterolateral and other approaches may
explain the specific increased risk IGFPFFE These results predicted that consultant
surgeons experienced a higher preval enc
approaches compared toraconsultant grade surgeons. This is likely to be the result
of selection bias, with consultant surge
more challenging cases. The absolute predicted risk of consultant lead surgeons
performi ng 0 s Wwas aighér thanpapyr other group and highlights the
particular risk associated with these approachasther work to adapt these

approaches to reduce femoral strains may help to reduce associated®BkBf

This is the first study to demonstrateassociation between CGS and a reduced risk

of anylOPFF, calcar and trochanteric subtypes. CGS typically requirespeeative

3D imaging, which may allow more accurate planning of implant size and can give
feedback on direction of femoral preparation anglantation. This may reduce the

risk of implant femur size mismatch and the subsequent risk of fracture. There were
no clinically plausible interactions between CGS and other variables in this study. This
may suggest that CGS is an independent protedi@ctor against anyOPFF
However, confounding may exist since CGS may also be a surrogate marker for careful
higher volume surgeons and surgeons may select easier or more difficult cases for CGS

assistance. We identified higher incidencéQPFFin paients undergoing surgery in
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public hospitals. In the UK surgery undertaken in independent hospital are more likely
to be performed by consultant surgeons and patients tend to be fitter and cases less
complex which may introduce confounding. Although theralt risk ofl OPFFseems

low, the surgeoranreduce the risk significantly further by modifying all possible risk

factors which they have control over.

3.2.4.3 Limitations

This observational study benefits from the power of large numbers which can give
insightinto relatively rare complications but are constrained by the innate availability
of data. There are important risk factors which cannot be included such as proximal
femoral morphology, proximal femoral bone mineral density, specific implant/rasp
design ad shape, force of impaction and control over surgical techniques. Given this
constraint, the performance of models used in this studyadegquateput results
should be appraised alongside other data. NORFF data are selfeported
immediately after sgery and may miss shatft fractures which are only seen on post
operative radiographs. This may explain why there are no reported shaft penetrations
in this study. Abdel et akported 5.6% of alOPFFwere shaft fractures and 24% of
these were discoverech @ostoperative radiograph@bdel et al., 2016p In this

study shaftOPFFaccounted for 7.1 % of dlDPFF, but this may be an underestimate
given these limitations. Cementless femamaplants may be used preferentially in
cases oflOPFFif the surgeon prefers to use a cementless distally fixing modular
implant, which may bias resultSementless modulamplants,howeverwere used in

only 3.2% of all thdOPFFin our analysis, whichauld introduce only a small error

into our estimates of the effect of fixation. The analysis of stem properties associated
with intraoperative fracture is not feasible as the NJR only records the final implant

used and not the precise preparagqoipmen{rasps and or reamers) used. Itis likely
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that the numbers reported here are an underestimate of IOPPF as the fractures are only

reported if the surgeon is aware of their occurrence during surgery.

3.2.4.4 Conclusions

The risk of alllOPFFincreases in femalekess fit patients and in those with a non

OA indication for surgery. A large cumulative reductiod@PFFrisk appears to be
associated with use of cemented implants, posterior approach and CGS. It is likely that
with modification of these factors the kief subsequent dire@OPFFsurgery and

indirect risk ofPOPFFmay also be reduced.

Understanding the effect of combined factors is paramount when choosing the safest
technique and implant choice, to minimi€#®FFand future revision risk. Future work
should elucidate the effect of CGS as well as direct anterior approach on the risk of
IOPFF given that there are significant effects of CGS and that the use of the direct

anterior approach is increasing.
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Chapter 4 Analysis of cementless stem design factors assaewith
post-operative periprosthetic femoral fractures after total hip

replacement.

This chapter will describe a study which estimates the relationship bepagents
surgical and implant related risk factors and subsedq@@Rt~F This study forms the

basis of the publication:

Lamb JN, Baetz J, Messdfannemann P, Adekanmbi I, van Duren BH, Redmond
A, West RM, Morlock MM, Pandit HGA calcar collar is protective against early
periprosthetic femoral fracture around cementless femoral components inrprima
total hip arthroplasty: a registry study with biomechanical validatiBone and

Joint Journal 101-B (7):779786 Jul 2019.

4.1 Introduction

As previously described in the literature revi@@QPFFoccurs in up to 5% of primary

THR. Management of these cassscomplex and costly with reported eyear
mortality between 11 and ¥3(Gitajn, I.L. et al., 201/Bhatacharyya et al., 2007A
significant proportion require revision surgery which is expensive and has
unpredictable outcomeghillips, J.R. et al., 2031 The incidence oPOPFFis
predicted to increase by 4.6% per decade, over the nepaaB§(Pivec et &, 2015.

Patient based risk factors have received much attention but many of these factors are
in general, not easily modifiable. Modifiable risk factorsP@PFFneed to be better

understood to minimise the incidence of this significant complication.

Implant choice remains one of the few surgically modifiable risk factors and the risk
of POPFHs highest around cementless stdiifsen et al., 2014Abdel et al., 2016p
Wangen et al., 201 Berry, 1999 Carli & al., 2017 LindbergLarsen et al., 207

Despite the overwhelming popularity of the cementless stem worldwidextus
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featuresof cementless stems which lead to an increased riSlO6FF are not well
understood. Given the popularity of cementless stems globally and the increased
associated risk ??OPFF further study of the specific risks associated with cementless
femoral stems is warranted. The riskRDPFHs greatest in the earfyostoperative
period and is foufold around cementless versus cemented stems in the first 90 days
(LindbergLarsen et al., 20)7Risk of POPFHdiffers between implaritrands(Carli
et al., 2017 Thien et al., 2014 Cementless stems are a heterogeneous group, with
many variations in suatce treatments, body shapes, lengths and various combinations
of collars and wings, even within a single stem model. Comparison using stem models
categorised by design groups has previously been perfg¢kheduja et al., 20)but
the contribution of a specific designatare to the risk oPOPFFis difficult to
ascertain. Analysis ?OPFFRevision rates attributable to specific design features may
better inform future implant design. The overall incidencB@OPFHs relatively low
and consequently the large sample siaeailable in arthroplasty registries are needed

to establish association between design features and HsRRFF

Implant design features which potentially alter the risk of eB@PFFinclude a
medial calcar collar, which reduces subsidence, incse@dational stability and the
force to fracture in a quastatic loading modgDemey et al., 201 MWhiteside et al.,
1988. Increasing sagittal taper has been associated with incre@deFrisk (Carli

et al.,, 2017 Watts et al., 2015 Anatomical stem designs have been associated with
lower risk of POPFFversus tapered designs in cementkssns(Carli et al., 201Y.
Additionally, modern surface finishes are reportenipartgreater primary stability,

which may reduce the risk of eaPOPFHMiles et al., 201h

The aim of thenalysis reported in this chapter was to establish cementless stem design
features which were associated with increased risk of B&BFFevision surgery in

theNJR
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4.2 Methods

4.2.1Participants

The NJR records patient and surgical data folTRlRs performedat hospitals in
England and Wales since 20Q&nguerrand et al., 20).8This study used all primary
THRs with a stemmed cementless femoral implant in the NJR from 2003 to 2016.
Femoral implant catalogue codes were used to gather manufgmtoveted implant

design data.

4.2.2Regqistry data

349 161 THRs were eligible for analysis. Exclusions were: implantation pt@or
formal reporting of Intraoperative periprosthetic femoral fractgi®PFF in
01/04/2004(n = 3270), missing follow up data = 4), missing design dafa= 590),
nonstandard length stenf8p intended to finiskat the middiaphysis, n= 7038) and

612 @ses were excluded from regression due to insufficient numbers for meaningful
analysig(indications: previous arthrodesis, previous infection, malignancy [n = 247] ,
fully porous coated stems [n = 143], and approach: trochanteric osteotomy [n = 222]).
337647 cases were included in subsequent analyses. Institutional ethical approval was

granted for this study.

4.2.3Patient and surgical variables

Variables included were patient aggears), gender, American Society of
Anaesthesiologists grougl-2 vs 35), side & operation, surgical approach
(anterolateral [Hardinge, anterolateral and lateral], posterior, other), computer guided
surgery, minimally invasive surgery, surgeon grgdensultant/norconsultant),
hospital type(NHS, Independent hospital, Independematment centre), indication

for surgery (osteoarthritis, trauma including hip fracture, avascular necrosis,
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inflammatory arthritisprevious trauma, paediatric hip disease and other)Q@RE&F

(yes/no).

4.2.4Implant variables

All registry variables relating testem design: calcaollar (yes/no), surface finish,
surface features and stem shape were included in subsequent analysis. Surface finishes
were coded MIN = mineralised with hydixyapatite or calcium phosphate, PGR
norrmineralised porous finish, GRIT = grit blasted or rougheM€INE = no surface

finish). Stems were then catl@ccording to surface finishes in proximal and distal
regions (proximal: distalke.g. MIN NONE stands for a stem coated proximally with
hydroxyapatite and no distal surface finish). Surfsicape Flat, Horizontal ridges,
Vertical ridges), Stem shape @nosssection (ectangular, oval or round), body taper

in the coronal, sagittal or axiplane Single, double or triple taper respectively) and

sagittal stenshape ¢urved vs straight) were included.

4.2 50utcomes

The primary outcome of registry analysis wamplant survival untiPOPFFrevision

within 90 days.

4.2.6Statistical analysis

Non-normally distributed continuous variables were expressed as median values with
interquartilerange (QR). Since the dataset was larged multiple comparisons were
made, a significance level of p <0.01 was chosen. Survival was estimated CRrg
multivariable model POPFFrevision at 90 days only counted if not preceded by
IOPFFto reduce confounding. Implants in patients who diedene not revised for
POPFFat 90 days were censored. HR estimates were adjusted for all other patient,
surgical and desigrariables Table 4-1 and Table 4-2). Multivariable regression

estimated the adjusted hazard ratio of revision with 95% confidetereals HR [CI
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95%]) for each implant design factédl analyses were performed usiRgv3.5.1, R,
Vienna, Austria). Regression models westatified by gender to satisfyhe

assumptions of proportionalignd then assessed using the concordance statistic

4.3 Results

The two yeatincidenceof POPFFrevision was 0.21%707/337647) and the overall
incidenceof POPFFrevision was 0.34%1180/337647), 44.0% occurréb20/1180)

within 90 days and 48.9%578/1180) occurred withigix months of surgeryFigure
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Figure 4-1 Histogram demonstrating the frequency of cases occurring after
primary total hip replacement using a cementless femoral stem in six monthly
intervals.

Median (QR) follow-up time was 5.years 8.137 8.10). Baseline demographics are

displayed inTable4-1.
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Table 4-1 Baseline characteristics of cases included in survival and regression

analysis.
Total
Variable Level n=337647
148093
Patientgender (%) Male (43.9)
189554
Female (56.1)
153432
Side (%) Left (45.4)
18425
Right (54.6)
Age group (%) 11to 49 25787 (7.6)
50 to 59 62063 (18.4)
121046
60 to 69 (35.8)
70to 79 97603 (28.9)
80 to 117 31148 (9.2)
ASA grade (%) 1 62846 (18.6)
233422
2 (69.1)
3 40091 (11.9)
4 1248 (0.4)
5 40 (0.0)
216733
Organisation type (% NHS (64.2)
104548
Independent Hospital (31.0)
Treatment centre 16366 (4.8)
317054
Indication(%) Osteoarthritis (93.9)
Acute trauma including hip fracture 5467 (1.6)
Avascular necrosis of the hip 4960 (1.5)
Previous trauma 1982 (0.6)
Inflammatory arthritis 3239 (1.0)
Other 2074 (0.6)
Paediatric disease 2871 (0.9)
203688
Approach (%) Posterior (60.3)
117953
Anterolateral (34.9)
Other 16006 (4.7)
293799
Surgeon grade (%) Consultant (87.0)
Non consultant 43848 (13.0)
Computerguided surgery (%) 9100 (2.7)

Minimally invasive surgery (%)

33711 (10.0)

Note: ASA indicated American Society of Anaesthesiologists

Most cementless stems were collarless double tapered with a fully minecalated)

(Table4.2).
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analysis.
Total
Variable Level n = 337647
Collar ) Collared 117222(34.7)
Collarless 220425(65.3)
Surface finisHocation (6) GRIT:GRIT 13056(3.9)
MIN:GRIT 9804(2.9)
MIN:MIN 223229(66.1)
MIN:NONE 73576(21.8)
POR:GRIT 1595(0.5)
POR:NONE 16387(4.9)
Taper o) Double taper 275481(81.6)
Single taper 54203(16.1)
Triple taper 7963(2.4)
Metaphyseal surfacghape %) Flat 140459(41.6)

Diaphyseal surfacshape %b)

Metaphyseal crossection %)

Sagittalbodyshape %)

Horizontal ridges
Vertical ridges
Flat

Vertical ridges
Rectangular
Oval

Round

Straight

Curved

184872(54.8)
12316(3.6)
73024(21.6)
264623(78.4)
303364(89.8)
34173(10.1)
110(0.0)
331201(98.1)
6446(1.9)

Note: Surface finish location indicated the surface finisipiaiximal: distalsurface
areas. GRIT Grist blasted or roughened surface, MIN mineralised surface, POR nc
mineralised porousurface, NONE no surface finish.

4.3.1Influence of patient factors on90-day POPFF revision risk

The regression model correctly predicted edP@PFFin 72% of the cases
(concordance statistic 0.72). Regression models were stratified by patient gender to
saisfy the assumptions of proportionality, which prevented estimation of HR of
POPFFrevisionbetween males arfdmales. After adjustment for all patient, surgeon
and surgical variables, patient predictors which increased the hazardayPOPFF
revisionin the final multivariate survival model were agersus 11 to <50 years) 70

<80 years(HR 3.2 [CI 2.07 5.3], p<0.001) and age >8BIR 5.8 [CI 3.51 9.6],

p=0.001) , ASA grades three to five versus one and (& 1.5 [CI 1.27 1.9],
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p=0.001) and acuteauma including NOF as indication for surgery versus (ER
1.9[CI 1.27 3.2], p<0.001)Use of CGS reduced the hazardP@PFFrevision within

90 days and was borderline statisticalignificant R 0.4 [C1 0.2 0.8], p =0.01).

4.3.2Influence of design factrs on90-day POPFF revision risk

Design variables which significantly increased the riskOPFFrevision within 90
days, were collarless desi¢iiR 4.7 [Cl 3.5 6.3], p<0.001)surface finish{reference
GRIT:GRIT coating: MIN:MIN coating, HR 4.6 [Cl 3-9.3], p<0.001; MIN:NONE
coating, HR 4.8 [2.3 9.95], p<0.001; POR:GRIT coating, HR 7.9 [CI 2.21.7], p
<0.001; and POR:NONE coating, HR 4.8 [CIRB1.7], p<0.001). Triple taper design

also increased earBOPFFevisionrisk (HR 1.8 [Cl 1.4 4.1], p<0.01Figure4-2).
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Design variables HR ]
Design variables
Caollar Caollared 1.0 ]
Collarless 47 <0.001% L]
Surface finish and location GRIT:GRIT 10 u
MIN:GRIT 34 0.01 L
MINMIN 46 <0.001* =
MIMN:NOME 4.8 <0.001* L
POR:POR ins
POR:GRIT 7.9 <0.001* =
POR:NOME 48 <0.001* L
Taper Double taper 1.0 ]
Single taper 1.7 0.08 L]
Triple taper 1.8 <0.01* L
Metaphyseal surface shape Flat 1.0 L
Horizontal ridges 1.2 0.35 =
Vertical ridges 16 0.09 =
Diaphyseal surface shape Flat 1.0 L
Vertical ridges 07 0.05 L
Metaphyseal cross section Rectangular 1.0 L
Owal 1.3 0.1 ]
Round 45 0.15 n
Saggital body shape Straight 1.0 L
Curved 1.8 0.06 L]
T T T T T T T l
0 1 2 3 4 6 8 10

Hazard ratio of PFF revision within 90 days

Figure 4-2 Forest plot demonstrating the associated hazard ratio of design variables f®OPFF revision with 90 daysfollowing

primary total hip replacement using a cementless femoral stefMdote: HR denotes hazard ratio versus comparator (HR = 1.0), MIN =
mineralised with hydroxyapatite or calcium phosphate, POR =mmorralised porous finish, GRIT = grit blasted or roughened, NONE

= no surfae finish. Stems were then coded according to surface finishes in proximal and distal regions (proximal: distal, e.g. MIN:NONE
stands for a stem coated proximally with hydroxyapatite and no distal surface finish.
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4.4 Discussion

Almost half of all POPFFrevisions around cementless stems occurred within six
months of implantation. Increasing ageorse ASA grade, diagnosis of NQfas
associated with an increased hazarBOPFFand CGS was associated with a reduced
risk of POPFFrevision. Collarless implants weessociated with a nearly fixfeld
relative risk of earlyPOPFFversus collared implants. EalBOPFFrevision risk is
significantly increased in all mineralised and momeralised porous coated
cementless stems and in stems which are tapered from latengdial in the axial

plane.

The findings in this analysis regarding the increased risk associated with increasing
age are in line with previous wo(Khien et &, 2014 Meek et al., 201 1Watts et al.,

2015 Cook et al., 2008Berend, K.R. et al., 201®alan et al., 20t@roden et al.,

2015 Chatziggorou et al., 2019b In addition, theseresults demonstrate a clear
relationship between worsening ASA grade and increased riBOBFFwithin 90

days of THR using a cementless stem, which is in agreement with previous findings
(Singh, J.A. et al., 2033 The risk of POPFFrevision increases in patients who
undergo THR for NOF which has been previously demonst(&tdts et al., 2015
Thien et al., 2014 Unfortunately this analysis was not able to quantify the effect of
patient sex on the risk FOPFFE however it is likely that the risk ® OPFHs greagst

in females as described @hapter Twoand demonstrated in the literaténien et

al., 2014. Given this constraint and the weight of evideritis likely that female sex
increases the risk 8fOPFFand should be considered by surgeons planning a THR. It
is reasonable to assume that the former risk factors arenndiiiable and represent

a cohort of patients in which the selection of modgigarisk factors, namely implant
selection, may be most usef@imilarly, to findings reported foftOPFF, CGS was

associated with a large reduction POPFF risk, with borderline statistical
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significance. As witHOPFFit is possible that CGS may redube trisk ofPOPFFoy
allowing for more accurate p@perative planning, implant selection and implant

insertion vhere CGS systems offer this functionality).

Calcar collars may improve implant stability through imparting compressive loads on
the calcar and/ere commonly used on cementless implants to reduce stem subsidence
(Whiteside et al., 198§8Problems with imperfect calcar collar contact after insertion
and a randomied controlled triashowing no benefit hawdiscouraged the use of this
type of design(Meding et al., 1997 Revision due td®POPFFwithin 90 days is
uncommon §.3%) and an appropriately powdnmandomigd controlled triato show

the benefit of a collar with thendpointof POPFFwould require unrealistically large
patient numbers. This study shows that a collar is associated with an almdsldfive
reduction in earlfPOPFFrevision risk, probbly due to earlier cortical load transfer
duringinjury. Cortical bone is anisotropic and strongest when loadedrpression
(Mirzaali et al., 20160sterhoff et al., 2016 During injury the collar can load the
calcar in compression increasing the force required for a fracture. This mechanism
may increase the force required to caus®O®PFFaround a ollared implant versus
collarless implants. The calcar possibly acts as a efeckvhich prevents excessive
periprosthetic trabecular deformation and may improve the resistance to trabecular

deformation after high energy injuries which do not causeécebftacture.

Proximal porous coating has been shown to increase load transfer to the proximal
femur(Miles et al., 2015Keaveny, T. M. and Bartel, 199&nd increase force required

to fracture using an axial loadirOPFFmodel (Miles et al., 201% This work has
demonstrated an increased risk of eR@PFFwith mineralised and nemineralised
porous coated stems. Where there is no direct calcar loading, it may be preferable to
load the femoral shaft during rotational insult, which is innately more flexibletiean

stiffer proximal metaphyseal bori®tani et al., 1998 These results have shown an
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almost doubled risk of earllPOPFFassociated with cementless stems whach
tapered medial to lateral in the axial plane versus conventional double tapered stems.
Medial to lateral taper is thought to increase proximal loading of the femur
(Wroblewski et al., 2001land has been successfully incorporated into cementless
designgHayashi et al., 20)2When compared to double tapered stems, a tapler
(medial to lateral) mayncrease the loading of trabeculae adjacent to the narrower
medial implant surface during an injury, leading to greater trabecular deformation and

greater risk of eventual cortical fracture.

4.4.1Limitations

This registry analysis estimated the riskRfdPFFrevision and whilst this includes
most cases odPOPFFin UK practice(Khan, T. et al., 2017t was likely to be an
underestimate of red?OPFFincidence, which ats includes cases wherROPFF
undergo internal fixation or conservative manager(@héatziagorou et al., 201.8The

two year prevalence oPOPFFrevision was lower than the 0.47% prevalence of
POPFFRevision reported by Thieet al.(Thien et al., 201y which may partly be due

to different surgical practices and implant usage. Patientsi@RFFwere excluded

from the analysis of earlyOPFFRo reduce confounding, it may be thatragortion

of earlyPOPFFare due to unrecognised or unrepott@BFFwhich propagate during

the early posbperative stage. When hypothesising mechanisnagtain, the likely
fracture pattern around cementless femoral stems based on the best avadableeevi
but the mechanism and pattern of injury in our registry data is not verifiable because
the patient notes and radiographs were not available. The choice of implant
characteristics investigated was based on review of the cliteeature but this mg
change as a deeper understanding of how design influenceB@&hBFisk develops.

The implant design itself or the combination of certain implant features might have

biased our findings. This should be investigated in more detail in the future.tGaten
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this is a new approach to the analysis of registry data, it may be appropriate that the
influence of further variables on eaPOPFFrisk or other research questions will be
investigated in a similar wayhis analysis does nobnsidetthe potentiafor a medial
calcar collar to alter the risk of other failure modes such as aseptic loosening. Further
work is required to evaluate the effect of a calcar collar on the overall survival of the
THR construct such that the benefits in reduction of POPKFresnot negated by an

increase in the risk of othenportantfailure modes.

4.4.2Conclusions

These results demonstrate a significant increased risk of BP&RFF revision
associated with collarless implants, mineralised and porousninmeralised coated
implants and triple tapered cementless stem designs. Given the predicted rise in
POPFFRatesthe use of a medial calcar collar may help to improve future cementless
stem survival by reducing the risk of eaDPFFE The greatest effect of implant
selection a risk of POPFFmay be possible in the madsigh-risk groups including:

Older patients, with worse ASA grade and a diagnosis of N&gpropriate
biomechanical experimentatios required toestablish likely causative mechanisms

by whichthe risk factors idntified in this analysis might be validated
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Chapter 5 Development of a manual segmentation technique for the

analysis of postoperative periprosthetic fracture patterns

Results from Chaptdfourgenerated new hypotheses of how design features may
influence the fture risk of POPFFA reasonable approach would then be to test such
hypotheses experimentally using simulated POIRRiEro methodsin order to further
understand the aetiology of POPFF and to ensure that subsequent biomechanical
testing represents reifie POPFF fracture mechanics it is essential that an objective
evaluation of fracture pattern occulisis alsoreasonable tbypothesise¢hat design
features may also affect the mechanism and thus the fracture patterns which occur

during POPFF.

As described in Chapter Two, there is no available method which can be used to
describe a single or group of POPFF fracture patterns. It is essential that researchers in
this field have an objective wag compare fracture patterns between implant designs
and patient groupsuch that more robust hypotheses can be generated and then
tested.The application of such methods in the field of POPFF research is a useful and
necessary step to understand common mechanisms leading to POPFF and how implant
design affectshe mechanisms of fracturhis chapter will outline the development

of a method to quantify and analyse POPFF fracture patterns.

The development of a fracture segmentati@thod isdescribedn sequence from a
simplistic task (Section 5.19 a more omplex tasSection 5.2). In this process an
estimate of the likely error associated with each component of the final task can be
obtained. The final method is then used in Chapterevatuate fracture patterns in a
group of POPFF which occurred follavg cementless hip replacement in order to

understand the likely mechanisms leading to POPFF in general arcim factors
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may influence POPFF fracture patterfbis study will be used to advance the
understanding of likely fracture mechanisms occurimd@OPFF and the possible
effect of patient and implant factors. The estimated mechanism of early POPFF will
then be used to inform the selectionesperimental simulation method in Chapter

Seven.

5.1 Development of a method to quantiyPOPFF patterns

5.1.1Intro duction

Recent analyses have shown large differences in the iRBFFassociated with the
differentdesigrs of the femoraktem(Carli et al., 2017Palan et al., 20)6which has

been developed further by the work reportedCimapter Four The mechanism by
which a femoral sterdesignfeaturemay infer increased risk 6#OPFHs not clearly
understood. Fractungatterns can be viewed as a force footprint, which summarises
the trajectory of dracture forceshrough a bone. Detailed analysis of fracture patterns
may provide an insight into common fracture mechanisms for any particular stem or
patient group anfurtherdevelop our understanding of how femoral stems break the
femur during @OPFFE As discussed i€hapter TwothePOPFHeatures which may
depend on the mechanics of the injury are fracture location along the length of the
femur and the fracture typ&he development of a method in this chapter will focus

on methods to reproducibly measure these specific fracture features.

Since the digitisation of medical imaging in the last two decadisspbssible to
perform analysis of fracture patternsaimuchmore objective way. A digitaage is

a matrix of pixels @icture elemers) which is a standard area of the image
programmed to display a certain colour by the display device. It is possible to identify
regionsof pixels representing certain featuregigs process of segmentation, which

can be performed manually, seanitomatically or automaticallfyWithey and Koles,



-111-
2008. Segmentation may rely on various methods of pixel analysis, which are beyond
the scope of this analygsbut can be used to detect fracture lines from radiographic
images(Deng, H. et al., 2016Donnelley and Knowles, 20p5Withey and Koles
admit that emrautomated and automated segmentatiadifficult task(Withey and
Koles, 2003. Such an approactmay be more difficult whermnterpretingPOPFF
where the fracture line may be partly obscured by the femoral imatahimage
obtained in the emergency setting may include-standard views and additional

features (clothing, splints etc.), which maguce the accuracy atitomatd methods.

Image analysis in the field of orthopaedics is a growing area following the renewed
popularity of convolutional neural networks in the field of image analysis.
Convolutional neural networks describe a process by whihyelectronic images
areread by an automated computer program and a statistical relationship between
pixels in the images and a known outcomelatrel (for example, fracture or no
fracture),is defined. Te relationship can be refined by a process of feedback and
training. Suchéchniques have been used successfullimiplefracture detection with
excellent result¢Gale et al., 201;7Thian et al., 2019Urakawa et al., 20)9A recent
review and metanalysis of deefearning methods of disease detection in medical
imaging identified an equivalent sensitivity and specificity betweeachine and
human image analys{&iu et al., 2019. These methods are currently limited thg

large number of images requiréelLO 000) for traning the computer prograrand a

lack of transparency in some models as to how and why a decision is rébopekl
2019. These restrictions make the use of such techniques in the fi&dBFF
challenging since the number of iges available for analysis is relatively small, but

it is likely that such techniques will continue to develop.

Given these constraints the mosalistic solution is likely to be a manual fracture

segmentatiomethod. This is likely to be the slower than automated process and
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relies on expert knowledge to correctly identify fracture patt@iithey and Koles,
2008. Manual segmentation is subject to within and between observer variability
(Withey ard Koles, 2008 Variability is likely to originate from theariability in the

skill of manualsegmentationi. the use of computer equipment and softwane)

the subjective assessment of where awneald fracture line occurs. Quantifyirtge
variallity attributable to each souras key to understanding the limitations of a
manual segmentatiotechnique andghould be dfined explicitly prior to fulscale

implementation of such a technique.

The aim of this study is to develop a repeatable meth&datire line analysis using
expertlead manual segmentation. Firstly, a simple line manual segmentation task will
estimate thebsolute erroand the within and between observer error when drawing
over a line. Secondly, a simple fracture edge manualeseigition task will assess the
absolute erroand the within and between observer error when drawing a fracture edge

on a cropped radiograph depicting a single fracture in a femoral cortex.

5.1.2Methods

5.1.2.1Data source

This study used neitentifiable data from pagnts which was collected during their
treatment for periprosthetic fracture in four large UK teaching hospitals. This project
was approved by the Leeds School of Medicine research and Ethics Committee prior
to collection of data. All patienedmitted witha diagnoses dOPFFwere identified

from a mixture of clinical coding records, theatre records and referral records.

Diagnosis was confirmed on review of radiographic records.

5.1.2.2Data quality

Radiographs were obtainedajpgdformat with a maximum compssion of 90% of

original resolution quality. Image resolution was estimated for 35 images which
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contained a calibration ball of knoveiimensions Table5-1). Mean SD) pixel size
was estimated at 0.12m (0.001) orequivalent to approximately eight pixels per

millimetre.

Table 5-1 Radiograph resolution estimates using calibration ball.

Variable Value

number of images 35

Image description

Pelvis anteroposterior view 31
Femur anteroposterior view 4
Pixel diameter of calibration ball (mean (SD’ 204.7 (12.5)
mm per pixel (mean (SD)) 0.12 (0.01)

Note: mm per pixel indicates mm (millimetres) per pixel based on a 25
calibration ball used in the plain radiograph

5.1.2.3Participants

All fracture manual segmentation tasks were performed by two specialist trainees in
Trauma andrthopaedicsJL and Rernard van DurénParticipants underwent twenty
minutesof training and familiarisation with the software and computer equipsetn

up prior to initiating the task.

5.1.2.4 Fracture segmentation

Initial image segmentation testing required to develop the protocol were divided into

two tasks: manually segmenting a line and manually segmenting a fracture edge.

5.1.2.4.1 Manual segmentation of a lingask

A cropped image of a single fracture femoral cortical €éfggure5-1) was obtained

from the dataset and a solid black line was drawn on an image overlying the edge of
the fracture using a standagptical canputer mouse using image manipulation
software(GIMP, GNU Image Manipulation Program, The GIMP Development Team

v 2.10.18, 2019). The line was drawn in a single attempt and the assadsoedraw
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the line if an errooccurred The radiograph layer wasmoved from the image leaving
a single line inplace. The line was then used as a target for fingt manual

segmentation task.

A

Figure 5-1 Creation of target line on a fractured femoral cortical edge fomanual
segmentation tasks.A" indicates the untraced fracture edge, "B’ indicates the fracture
edge with the back line traced over the top and "C’ indicates the target line with
radiograph layer removed.

Multiple attempts of line manual segmentationrevihen performed using a single
pixel line drawing tool. The attempt was drawn on a separate overlying image layer.
Attempts were performed in a single atteraptithe assessaouldredraw the line if

an error occurred. The entire task was repeateddegandassessorgvD) to allow

for estimation of between assessariations Each attempt was exported a single
uncompressed imagéde (6 . t i f 6 ) The entiratask Was sepeated without
reference to the previous attempt by the two assessomashdrial was saved as a

separate image. The time between repetitions was thirty minutes.

5.1.2.4.2 Manual segmentatiorof a fracture edgetask

To assess the reproducibility of the manual segmentation technique when interpreting
orevalrl dbé f r ac tsuraceddhe frabtwe linesdgeeFigerabf1A) in a

single pixel width solid line on an overlying image layer using Gl andentical



- 115-
technique as outlined above. The entire task was repeated without referdéinee to
previous attempt by the two assessors and each trial was saved as a separate image.

The time between repetitions was thirty minutes.

5.1.2.5 Image analysis and statistical methods

A sample size of seven for each assessor was chosen to create a minimuallpractic
useful dataset for the pilot. Each trial image was loaded data frameobject
consisting of pixel coordinates and pix@llue (elating to colour value of the pixel)

for each pixel in the image usifi)(v3.6.2, R Core Team, Vienna, Austridjie co-
ordinate values for each pixel with a value equal to the pen tool used to mark the

fracture during the task was used in further analysis.

5.1.2.5.1 Estimation of absoluteerror of manual segmentation

The error of manual segmentation taskssestimated by residuaighich compared

the coordinates of the target line with the segmented line pixel value for attempts made
by both assessors. The residual in each axes were calculated by subtracting the
maximum corresponding coordinate value of the target line for eachpaths each
assessorHigure 5-2). To assese&rror, mean §D [standard deviation]) of residual
values were calculated in both x and y axes between the target line and the segmented
line. When assessing variabilityithin assessors and between assessors, where no
target line exists, the corresponding coordinate values for x and y axes respectively,
were centredqvaluei mean for each x value) to account for increasing values in the
corresponding opposite axis as thegonal line progressed from left to right.
Variability within and between assessors was estimated by theremdnal ED) of

the centred values in the x and y axes for all attempts by that assessor respectively. All
pixel values were convertednallim etres (hm) using the estimated reabrld image

resolution.
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L J

Figure 5-2 Schematic demonstration of calculation of residual values (e) for pixels

in the target line (red) and the segmented line (green\ote:e.ydenotes residual in

the y axis anae.xdenotes the residual in the x axis. Superscript notation defines each
residual measurement. The mean residual between the pixels making either line can
be calculated from residual values in each axis to assessf the segmentation line.

5.1.2.5.2 Error in e stimation of fracture position

Fracture location was assessed by comparing the absolute y coordinates of the fracture
line (Figure 5-3). All pixel values were converted tmillimetres (Mm) using the

estimated realvorld image resolution.
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120

90

Figure 5-3 Fracture position measurementA depicts the fracture line and B depicts

a boxplot of y coordinate values for the fracture line. Med/ value depicted with

box hinges at the interquartile range (IQR) and whiskers to a maximum of 1.5 times
the IQR)

Normally distributed continuous data were summarised using rredaes §D) and
non-normally distributed continuous variables were sungedrusingnediansIiQR).
Overall comparisons between outcome measures were performed with ANOVA and
pairwise comparisons were made using Mévinitney U tests where data was not

normally distributed or-tests where the data were normally distributed.
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5.1.3Results

5.1.3.1 Error in manual segmentation task

Mean ED) for residuals in both x and y axes was less thmaaan §D) 0f0.04 0.21)

mm during segmentation of a line task a@®8 (0.38) mm during segmentation of a
fracturetask [Table5-2). Mean residual values were greater in the y axis than x axis
for both tasks for each assesshrror increasednarginally in segmentation of a
fracture task butvere less than amaximum mean residual 0f0.28 (0.38) mm

(p<0.001).

Table 5-2 Residual values in x and y axes for line and fracture segmentation tasks.

Segmentation of

line Segmentation of fracture p
Assessor 1
Pixels 3863 3588
Residual valueémm)
y axis(mean(SD)) -0.03(0.21) -0.23(0.34) <0.001
x axis(mean(SD)) 0.01(0.08) 0.12(0.16) <0.001
Assessor 2
Pixels 3864 3708
Residual valuegmm)
y axis(mean(SD)) -0.05(0.21) -0.32(0.40) <0.001
x axis(mean(SD)) 0.02(0.08) 0.13(0.16) <0.001
Overall
Pixels 7727 7296
Residual valueémm)
y axis(mean(SD)) -0.04(0.21) -0.28(0.38) <0.001
X axis(mean(SD)) 0.02(0.08) 0.12(0.16) <0.001

Note:Values in mm derived from image scaliegtimates pixel = 0.12mm). SD indicas
standardieviation;p value is result oftest comparison by row.
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Figure 5-4 Variation in residual values in x and y axis (A and B respectively) for

each task and each assessor during repeated segrtation attempts. Overall
comparisons between attempts and base mean for each respective plot were performed
using ANOVA and pairwise comparisons between target and each attempt to assess
intra-assessor variation were performed with t tests. *: p <= §0p,<= 0.01, ***

p <= 0.001, ****: p <= 0.0001, 6nso6 indi
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Overall variation irerrorof segmentation wdsw and residual values were within-+/
1mm for line segmentation and-Znmfor fracture segmentatiadiasks Figure5-4).
Variation within each assessor was lbut reached statistical significance in all but
one taskfor one assessor. Variation within assessors was greater for segmentation of

a fracture task versus segmentation of attde

5.1.3.2 Error in f racture position

Comparison of absolute pixel coordinate values in x and y axes demonstrate no
significant differences between the target an@@#impts ANOVA p>0.05) for each
assessor in either axis for the segmentation of atdisle Figure 5-5). Comparison
between target line and repeated attempts demonstrated no significant within assessor

variation ANOVA, p range 0.98 to 1.0).



Rater 1
A
15071 Anova, p=0.98
Ns NS NS NS Ns ns ns
100+
- 1
50+
O.
Targett 2 3 4 5 6 7
C 100/ Anova, p = 0.99
75, nNs NS Ns Ns Ns ns ns
< 50| |
25+
O- T T T T T T T T
Targett 2 3 4 5 6 7

Attempt

-121-

Rater 2
B
15071 Anova,p=1
NS NS Ns nNns ns ns ns
100+
>
504 || |
O.
Targett 2 3 4 5 6 7
D 100 Anova, p =1
75, Ns NS NS ns ns ns ns
< 504 || |
25+
O- T T T T T T T T
Targett 2 3 4 5 6 7

Attempt

Figure 5-5 Absolute fracture location measures in manual line segmentation task.
Facets showing y (A and B) and x (C and D) coordinate values between target and
manual line segmentation attempts for assessors one (A and C) and two (B and D).
Overall comparisons between dat line and attempts for each assessor were
performed using ANOVA and pairwise comparisons between target and each attempt

to assessintras sessor

indicates p is >0.05.
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Comparison of absolute pikeoordinate values in x and y axes demonstrate no overall

significant differences between the target an@@impts ANOVA p>0.05) for each

assessor in either axis for the segmentation of a fraetskeFigure5-6). Comparison

between target line and repeated attempts demonstrated no significant within assessor

variation £>0.05.
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Rater 1 Rater 2
A B
1501 Anova, p=0.84 1501 Anova, p =1
NS NS NS NS NS NS ns NS NS NS NS NS NS ns
100+ ‘ 1001
> ‘ > ﬂ
501 ‘ 501 ‘ ‘
Targett 2 3 4 5 6 7 Target1 2 3 4 5 6 7
Attempt Attempt
C 100 Anova, p = 0.41 D 100/ Anova, p =1
75,1 Ns NS NS nNs Ns ns ns 751 Ns NS Ns nNs Ns ns ns
\ H
< 501/ x 5011 |
257 | | 257 | |
Targett 2 3 4 5 6 7 Target1 2 3 4 5 6 7
Attempt Attempt

Figure 5-6 Absolute fracture position measures in manual fracture segmentation

task. Faceted plots demonstrating y (A and B) and x (C and D) coordinate values
between target and manual fracture segmentation attempts for assessors one (A and C)
and two (B and D). Overall comparisons between target line and attempts for each
assessor wemgerformed using ANOVA and pairwise comparisons between target and
each attempt to assess irtigsessor variation were performed with Mann Whitney U
tests. O6ns6 indicates p is >0.05.

Estimates of fracture position of segmented lines between assessorsnhyas
significantly different between assessors in caee Yy values when segmenting a
fracture, p= @4). The absolute difference in madifracture pixel location was three

pixels in the worstase 0.36mm Table5-3).
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Table 5-3 Fracture coordinate values in x and y axes for line and fracture
segmentation tasks stratified by assessor.

Assessor 1 Assessor 2 )
Segmentation of
line
Coordinates n=1115 n=1134

x (median [IQR])  47.00 [32.50, 58.00] 46.00 [32.00, 57.00] 0.75
y (median [IQR])  58.00 [30.00, 88.00] 58.00 [30.00, 88.00] 0.81
Segmentation of fracture
Coordinates n = 1094 n=1115
x (median [IQR])  44.00 [31.00, 56.00] 45.00 [32.00, 58.00] 0.06
y (median [IQR])  56.00 [28.25, 84.00] 59.00 [30.00, 88.00] 0.04

Note: IQR indicates interquartile range, p value is result of Mann Whitne
test comparison between assessors.

5.1.4 Discussion

This study has demonstrated excellent accuracy of manual segnmrenfadialistinct
line and a fracture edge.rr of segmentation was within one millimew&en a line
was segmented arto millimetre when a realife fracture was segmente#rror
varied significantly within each assessor but remained within accepitalie Study
outcomes using manual segmentatfon a simple taskwvere highly accurate and
consistent both within and between assessors. Frapuns#ion estimates from

segmentation did not differ significantly from the target fracture position.

A maximumthreshold for error is difficult to estimate given that no current gold
standard exists for manual segmentation of fractures. Current systef®RéF
fracture classification classify fractures according to position of the fracture relative to
the femora stem (Duncan and Masri, 1995Required accuracy of a segmentation
system can be estimated given that the overarching aim of the segmentation is to define
the fracture position along the lehgf the femur. Estimated fracture position should

be accurate enough to allow differentiation between key structures in the femur. For
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example it may be useful to determine whether the fracture has occurred at the level
of the lesser trochanter, whichastructure occupying a space of between 3.2mm and
17.6nmon an APhip radiograpi{Worlicek et al., 201) In order to do this the final
segmentation technique should haveaorwhich is less than half of this. Given that
in theworstcaseerroris likely to be within +/ 0.8mm 95% of the time, the current

testing methods show early acceptabildy simpletasks

Errorof the manual segmentation method Veastwhen segmenting a clearly defined
line andgreatestwhen segmenting a rekile fracture edge. Absolute segmentation
residuals reduced by approximatedix-fold between eithetask This observatio
demonstrates the added difficulty posed by an indistinct fracture line over a clearly
visible line. In realife POPFFmaging radiographs also have the added complexity
of an implant which may obscure a clear view of the fracture. In addition, fréicese

are most apparent on plain radiographs when-tag eantanpass directly through

the fracturegap (racture in the coronal plane). When the fracture gap does not allow
the xray beam to paghrough fracture line in the sagittal plane) the fiae may not

be clearly defined. Given that the femur is an approximately cylindrical structure,
absence of clearly defined fractures is likely to be an ongoing problem when
interpreting plain radiographs. It is likely that the absolute residual valuesdwoul

increase when looking at indistinct fractures on-veatld POPFFadiographs.

Assessment ofeproducibilitywithin assessors demonstrated significant variation in
the segmentation residuals between trials and between assessoestofeas at
worst, kss than 2mm, which is encouraging and suggests goedaddlconsistency.

The reliability of outcomemeasure facture position) was also acceptable with no
significant differences in fracture position between trials for each assessor. Significant

differences are likely because of the high precision of segmentation for each trial
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leading to results which may achieve statistical significance but not real meaningful

difference.

Betweena s s e svariatiorswere small in terms ofresidual errorand fracture
position Standard deviation of residuals of the segmented line and fracture for all
attempts by both assessors was 0.4mm in the worsfycass, fracture segmentation
task), indicating that 95% of attempts by either assessor may fall @@téimm ange

of accuracy. Variation between assessors in fracture position only reached significance
when assessing segmented fracture position in the y plane. In this example median
fracture position difference is less than 0.4mm. These results suggest tlaatahen

between assessors is small enough to not affect clinical interpretation.

5.1.4.1 Limitations

The method described in this study invatiee use of a standard computer mouse and
open source image manipulation softwates lattermay not normally be usebly
specialists in trauma and orthopaedics. Using such tools has obvious drawbacks
because the lack of familiarity may increase the inaccuracy of measurements and
reduce reliability within and between assessors. However, this pilot study
demonstrates a Higlevel of accuracy is possible and a low level of meaningful
variability is evident either between or within assessors. Whilst this study demonstrates
the efficacy of manual segmentation methods in a very simple example, the application
such techniques Wineed to beexploredin a more compleXPOPFFsegmentation
scenario. It is likely that fracture identification will become more challenging in these
scenarios and the next step in technique development must ensure that segmentation
is reliable when normalifferences in interpretation exist between assessors. Manual
segmentation methods take time to complete and further work should focus on the
development of reliable automated segmentation techniques to reduce the time burden

OoNn assSessors.
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5.1.4.2 Conclusions

This short study has demonstrated the developmenteyfestable method of fracture
line analysis using manual segmentation. This mettavdaccurately segment and
characterise simple fractures in a repeatable ®Weprs are within acceptable limits
and ae a useful reference for comparison of errors attributable to more complex
segmentation tasks in subsequent studiesther work is required to apply this

technique to a redife POPFFanalysis scenario.



-127-

5.2 Development of aPOPFF manual segmentation algoithm

5.2.1Introduction

Current and historical methods BOPFFdescription rely on the broad classification

into groups or classes of fractur@ghittaker et al., 274, Bethea et al., 1982Mont,
Michael A. and Maar, 1994ohansson et al., 198Rarrish and Jones, 1964uncan

and Masri, 1995 Duncan and Haddad, 2014which are clinically useful, hu
necessitate the loss of large amounts of potentially useful information about the nature
and exact positiomf the fracture. Recent analysis has sought to describe fracture
patterns but relies on subjective categorical description of fractbezglon et al.,

2019. It has been demonstrated that femoral fracture location and fracture shape are
closely associated with the nature of the deforming fo(@gker A. Kress, 1995
Gitajn, I. and Rodriguez, 201Rupprecht et al., 20)1Since the change imacture
patterns with varying position along the femur are likely to represent changes in the
anatomical structure of the femur along its length, a relative measure of femoral

location is likely to be useful imostcass.

Given that each femur will be different length and most are obtained in an
emergency setting with nestandard views and lack of scaling measures, the accuracy
of absolute measurements is likely to be poor. Current Orthoppeatiticemakes

good use othe Vancouver / UCS8lassificaion as a relative measure, since the fracture
location in categorised relative to the tip of the femoral ¢f2amcan and Masri, 1995
Duncan and Haddad, 2014A similar approach could be used when manually
segmenting?OPFFimages to obtain a measure of fracture location relative to the
length of themur. Estimates of fracture position relative to the femuulanvolve
measurements with reference to standard anatomical landmarks which have a
relatively reliable relationship with overall femur length and structure. Such an

approach might be achieved by segmenting each femur and then scaling to a standard
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tempht e, which represents an Oaveraged fe
are relatively insensitive to changes in alignment and rotation. Automated proprietary
methods exist for 2D segmentation of the intact proxieralur BoneFinder, Centre
for Imaging Sciences, The University of Manchester, UK) but these methods are not
readily applicable to the whole femur with an implant in situ or when a fracture is
present. In the absence of satisfactory automaetithodsa manual approach could
be used. Each iage could be scaled to fit a template representing a standard femur.
Such a template could be derived from radiographs of replica femurs, which are based
on multiple 3D scanning of real human femoral specing@as/Bones, 2020Scaling
could be performed using the femoral length and or visible anatomical landmarks. Real
world radiographic imaging rarely captures the whole femur in a single image. This
limitation can be overcome bgining sequential images of the femur using bone and
implant landmarks. When this is not possible, femoral landmarks can be used to scale
the image. Distance from proximal border of femoral head to tbjp & thestrongest
proximal predictor of overall femoré&ngth(Khanal et al., 201;7Steele and McKern,
1969 Jacobs, 1992with a correlation ceefficient of over 0.75 in a European
population. In the absence of a native femoral neck, distance froto GIT may be
used asmapproximation but is a less precise predictor,@R55 to 0.58(Singh, S. et

al., 2013 Parmar et al., 2035

Given the variability between fracture images in femoral alignment and rotation, it is
likely that preanalysis transformation will be required to allow for comparison
bewwveen images. To reduce the confounding, restriction of analysis to a single
0standardodé view may bPOPHrasedarelikelgtb have AP A ma
views of the femur which would allow estimation of fracture position without

unnecessary loss data.

The aims of this studyereto:
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1- Describe the developent ofa manual segmentation method to
estimate fracture location in a set of re@PFFRadiographs.
2- Assess the error and repeatability of fracture segmentation in a

random sample of patientstwPOPFFE

5.2.2Segmentation method development

A template for a standardP femur was derived from a plain radiograph of an
anatomically accurate composfeanur SawBones, WA USA). The plain radiograph
outline was identified usingn edge detectiofilter (The GIMP Development Team

v 2.10.18, 2019) and a template was extracted from the resuftagé Figure5-7).

The templatevas flipped to represent a right femur in AP view eoldur was changed

to yellow to aid iéntification over greyscale radiographs and the GT and LT

landmarks were indicated for ease of radiograph scaling.
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Figure 5-7 Development of a femoral templateA is plan AP femoral radiograph of
compositefemur, B is radiograph (A) following edge detection and C is the final
template with horizontal lines indicating proximal greater tuberositynaidg@oint of
lesser tuberosity.

Sequential images from the same study were joined using visible implant aad bon
landmarks Figure5-8). Images were flipped so that they represented a right femur on

AP view.



Figure 5-8 Images joined using bone and implant landmarks to obtaira full

femur view. Template overlying landmarks of proximal femur demonstrating
acceptable approximation to total femoral length. Template is then aligned to
landmarks on a fracture fragment (left shows alignment with distal condyles and right
shows aligment with proximal tuberosities). Note: Templateg/élow, and fracture

is red.

Femoral fractures with displacement were analysed by using available bone landmarks
on each fracture fragment. The radiograph was translated until the fragments fit in the

template and the additional fracture line wasorded Figure5-9).



Figure 5-9 Manual segmentation of &?OPFFusing proximal femoral radiograph.

A indicates alignrant of template over greater tuberosity fragment, B indicates
alignment of the template over the lesser trochanter fragment and C indicates the final
fracture segmentation on the template (shown in black in panel C for clarity). Note:
Template in yellow ath fracture in red unless otherwise stated.

To allow estimation of fracture location relative to femoral implant, the shoulder and

tip of the femoral implant were marked on teenplate Figure5-10).



Figure 5-10 Stem marking from POPFF radiograph onto the standard template.

A line approximating the long axis of the femoral stem was drawn (green line) and the
proximal and distal points of the stem were marked (gceetes). Note: Template is
yellow (A) and black (B) for clarity.

5.2.2.1Fracture classification methods

As previously discussed in the literatuexview Chapter Tw, POPFHracture type
may be classified into oblique, transverse, wedge fractures, spiraliréacand

metaphyseal split fractures.
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5.2.3Methods

5.2.3.1Data source

The data used in this study is as describegation 5.1.2 of this thesi©nly AP views

of the femur were included.

5.2.3.2Inclusion criteria

All patients with a plain anteroposterior radiograph destrating &2 OPFHollowing
primary hip replacement with a cementless femoral stem were included in this

analysis.

5.2.3.3General methods

A random sample of 1POPFFcases were selectém the complete datasend

manual segmentation was performed once apeated after an interval of two
months. The sample of twelve randomly selected cases were manually segmented by
a second assessor who has ugdee trainingover a period of twodays. The
aggregated and absolute results were compared between repeatadategmnisy one
assessor to assess within assessor reliability and between the original segmentation

attempt and the second assessor to assess between assessor reliability.

5.2.3.4lmage preparation

Antero-posterior view of the femur were extracted for each eadeflipped where
necessary so that each case represented a right femur on APAene adjacent
femoral images were available, images were scaled, transformed and joined using

implant and bony landmarks to ensaceuracy

5.2.3.5Segmentation method

Manual imagesegmentation was performed by drawing the visible fracture edges onto
a standard size femoral template depicting an intact adultfeghir (/58 by 3121

pixels at 100% scaling The femoral template consstof an outline of an intact
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femur, andwas deived from the outline of a plain radiograph of a composite femur
modelled on a medium sizedraposite osteoporotic fem(t0 pounds per cubic foot
(PCH Solid Foam with 16 mm Canal, Medium, Sawbones, WA, U3AEg total
length of the femur on plain radiograph was 447mm, giving a resolution of 0.14mm
per pixel. The outline was obtained using proprietary edge detectionGidiiiRy(The
GIMP Development Teanv 2.10.18, 2019and checked for accuracy. Anatomical
locations relating to the greater and lesser trochanter were marked on the template and
the template colour was set to yellow to allow for easy differentiation from underlying

grey-scale radiographs.

The femur template was added as an image layer overlygmadiograph gingle or
joined image) and the radiograph was scaled teawasformed Whilst maintaining
aspect ratio) so that the bony landmarks on the radiograph matched the anatomical

landmarks of the template overlying Figure5-8).

Fracture edges were drawn in r@dd = 100%, green = 0% and blue = 0%) with a
single pixel width using image manipulation softwa(&IMP, The GIMP
Development Teamnv 2.10.18, 2019) as described above. The stem tip and shoulder
were marked ingreen fed = 0%, green = 100% and blue = 0%) as descabege

The template image layer was then exported so that each case was represented by a

single template with fracture lines and stem length marked on it.

5.2.3.6Variables

Fractureype (AO group), Fracture location relative to normalidethur (netaphyseal
proximal pole = 0, distal metaphyseal pole = 1) and fracture location relatstento

(stem shoulder = 0, stem tip = 1).
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5.2.3.7Statistical methods

Data were tested for normality and rearmallydistributed continuous variables were
described as medians with interquartiéanges IQR). To assess error the fracture
position along the axis of a normalised fen{arinimum fracture pixel position,
median fracture pixel position and maximum fractupepposition) was compared
between repeated blinded segmentation attemptthdyauthorafter two months
(Within assessor error) and between different assedseivgeen assessor error,thg

author and SJ). To assess the proximity between fracture pixelsepeated
segmentation tasks, thmedian [QR) minimum Euclidiandistance gtraightline
distance) between the coordinates of each pixel and all other pixels in the repeated data

set wascalculated fFigure5-11).

! o o /.o
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Figure 5-11 Distance measures between original (red) and repeated (green)
fracture pixels. Note: comparison of minimum y values (A), maximum y values
(A - 2), median y values (B) and minimum Euclid@istance (C).

Visual comparisons of fracture plots for all repeated trials were performed using two
dimensional kernel densifylots (heat map’) which express the density of fracture

pixels in atwo-dimensionalspace. Fracture pixel coordinates werelestao a
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normalised femurthe femoral stem and shown with reference to the fracture type.
Onedimensional density of fracture position on the long axis of the femur were also

displayed for each fracture subtype using violin plots.

5.2.4 Results

5.2.4.1Numerical compaison

Median error for fracture position between repeated segmentation attempts by the
same assessor was two percent or less on a normalised femur and less than 8mm in
real terms {Table 5-4). Median error for fracte position (inimum, median,
maximum and Euclidian) between segmentation attempts by two separate assessors

was one percent or less on a normalised femur and less than 10mm in real terms.

Table 5-4 Error in f racture pixel segmentation between repeated trials within the
same assessor and between different assessors.

Error on normalised

Error in real terms
femur

Within assessor comparison

Fracture minimum (median [IQR]) 0.00 F0.01 to 0.00] -1.4mm [4.3 t01.4]
Fracture centre (median [IQR]) 0.00 F0.01 to 0.01] 0.8mm 5.1 to 6.7]
Fracture maximum (median [IQR])  -0.01 F0.02 to 0.00] -4.4mm [8.38 t0-0.36]

Minimum Euclidean distance
(median [IOR]) 0.01 [0.01 to 0.02] 9.7mm [6.0 to 13.3]

Between asse®r comparison

Fracture minimum (median [IQR])  -0.02 [0.04 to 0.00] -7.5mm [2.2t0 17.1]
Fracture centre (median [IQR]) -0.01 [0.01 to 0.00] -3.6mm 0.6 t0-6.6]

Fracture maximum (median [IQR])  -0.01 F0.02 to 0.01] -3.4mm [4.3 to11.1]

Minimum Euclidean distance
(median [IQR]) 0.01 [0.01 to 0.02] 5.6mm [3.6 to 7.7]

Note:IQR indicates interquartile range.
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5.2.4.2Graphical comparison

Fracture pattern densities were similar between repeated measures on a normalised

femur and relative to the femdistem Figure5-12).

There was some variation between assessors noticeable -ahntewsional kernel
density plots with the second assessor recording a greater density of fractures in the
lateral inferior border fothe greater trochanter whereas the original assessment

recorded highest densities in the subtrochanteric region.
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Figure 5-12 Fracture pattern density of a normalised femoral template (A) and relative totie femoral stem position (B) and
between fracture subtypesOrigin indicates the original segmentation attempt, between is the trial conducted by a second assessor and

within is the second trial by the same assessor.
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5.2.5 Discussion

This study has demonstrdtehat the novel manual segmentation method is a
reasonable method by whi€fOPFFcan be recorded and summarised with an overall
error of two percent or less of thermalisedemur length or less than 10mm in real
terms. In addition, the use of graphisaimmaries may provide a useful tool for the

description of groups of fracture patterns.

The results described are difficult to compare to the current literature given the novelty
of the approach used. Current methods in studies descRRg-FHnvolve mutiple

images of fracturegJones, C. et al.,, 2015or summariesusing Vancouver
classification system@bdel et al., 2016pAbdel et al., 2016aChatziagorou et al.,
20193. Neither approach seems to adequately describe fracture patterns with enough
precision to allow useful estimation of potential fracture mechanisms. The unified
classification system and VancouvestgmgDuncan and Haddad, 2013uncan and

Masri, 1999 are able to specify proximity to the stem, which tghly occupies
between 100mm and 170maf the proximal femur, or approximately one third
Whilst this approach has obvious clinical relevance in terms of treatment planning, it
does not give a useful idea to the reader as to where exactly the femurchasdra

and thus how the fracture might have occurred. Given that the results from this
validation study suggest an error of just 2% of overall femur length or 10mm in real
terms, it would be reasonable to suggest that the methods described are a dubstantia
improvement in the ability to accurately describe fracture location on the femur beyond

current methods.

To put the error into context, the smallest anatomical feature of the femur, where a
fracture might pass through on plain anteroposterior radiogripie femur is the

lesser trochanter, which ranges from three to 18mm in visible medial to lateral
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dimension, depending on femoral antevergiorlicek et al., 201} Given this value
onemight expect a sufficient level of accuracy of segmentation to be less that the total
size of the lesser trochanter, which might be 10mm on plain radiograph. The results
denonstrate that in general the manual segmentation technique surpassed that
requirement on most measures of fracture position error both on repeated assessment
by the same and different assessors. The increase in error in segmentation from simple
fracture ede segmentatioifpart one of this chapter) to segmentation of-liéal
periprosthetic fracture patterns from 2mm to 10mm, is likely to be related to the
additional processes including: image joining and scaling, template positioning and
the additional comlexity of periprosthetic fracture patterns. Future reduction in error

is likely to arise from improvements in these processes.

Graphical comparisons were also useful and present the viewer stithghtforward

and easily understandable summary of freectocations. Inaddition,demonstration

of fracture position by fracture type allows the reader to understand which fractures
are contributing to the overall fracture densities in the kernel density plot. This will be
useful for understanding, not justethmechanism of fracture but where these

mechanisms are acting on the femur to initiate fracture.

5.2.5.1 Limitations

There are many limitations with this work. Not all fractures are visible on plain
radiographs. Radiograph beams may be blocked by the stem ardsagtcurring out

of plane of the beam may not be visible. The evaluation of this error is difficult given
that lack of a proven gold standard with which to compare the results of this study too.
One option is spiral CT scans, which subjectively are é#tieb at detecting fractures

in the periprosthetic femdouthave no published sensitivity to detect fracture and the
limited usage in patients in this dataset does not allow useful comparison. Sources of

error in the preparation and segmentation proceskide lack of whole femur
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radiographs in the dataset, which means that sequential images must be joined, manual
scaling and positioning of the image beneath the femoral template, identification of
fracture lines and manual segmentation. All these stegsbmautomated in future
and given the relatively promising performance of the methods irstihgs/; such

development may be warranted.

5.2.5.2 Conclusions

This study has demonstrated that periprosthetic femoral fractures may be summarised
and analysed using aamual segmentation method. The error associated with this

method is likely to be adequate for useful interpretation of fracture mechanisms.
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Chapter 6 Analysis of fracture patterns in postoperative
periprosthetic fracture of the femur around a cementless femoral

stem.

This chapter describes the application of novel radiographic analysis technique

developed in the preceding chapteattata set of periprosthetic femoral fractures.

6.1 Introduction

An understanding of determinants of fracture pattern is importanhifee reasons.
Firstly, understanding the mechanism of fracture helps us to understand common
mechanical vulnerabilities of the femumplant construct duringPOPFE For
example, if an implant has a higher than expected fracture frequency of rotational
fractures, an increase in rotational stability may lead to a reduction in fracture
frequency. Secondly, the risk following treatment is heavily dependent on fracture
patterns. Fracture patterns around the stem have greater perioperative morbidity
(Gitajn, I.L. et al., 2017Reeves et al., 201Boylan et al., 2018and may have a
greater risk of mortalityBhattacharyya et al., 20pthan fractures of the femoral shaft.
Given that the risk oPOPFFis never likely to be zero, an understanding of how the
resulting fracture type might be manipulated by patient and implant selection at the
time of primary surgery may be a useful preventative strategy. Finally, if we are to test
designimprovementsywe must understand how to construct tests which accurately

replicate the mechanisms which implant designs must resist.

Currently the literature oROPFFrisk related to implant design focuses on two ends
of the research spectrum. Clinical studies focusigrenantly on the association of
implant brandThien et al., 201)4and overall design featuréSarli et al., 201y on

the risk of POPFFE At the opposite end of the spectrum, biomechanical testing has

focussed on contribution of implant design on the force required to EHDBEF
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using a range of methodology and approagde&ubowitz and Seeger, 201%n
between these two growing bodies of research is clear space where evidence linking
the two should lieCurrent evidence iedes large observational studies using clinical
fracture classification tools, which do not fully describe fracture mechgaibdel et
al., 2016hKhan, T. et al., 20)7and subjective assessments of fracture patterns, which
do not differentiate cases based on time to fracture or precise design f@&ueden
et al, 2019, and make translation into biomechanical methods difficult. A useful
addition to this domain should describe the distribution oflifeainjury mechanisms
occurring during?OPFFsuch that biomechanical testing methods can be validated and
thentranslated back into useful changes in implant design and clinical practice. Such
work should also be able to illuminate the hypotheses derived from clinical studies on
patient and implant factors which may affect the risd amechanism oPOPFFE
Chapter Treeoutlined patient and design features which are associated with large
changes in the risk of revision fBIOPFF it is not unreasonable to imagine that such
features may enact this effect through a change in fracture location towards the femoral
shaftor a change in fracture mechanism, which may make revision surgery more or

less difficult.
The aim of thisexploratory study wato use a manual segmentation method to:
1- Describe fracturegesulting fromPOPFFaround cementless stems

2- Compare fracturescourring around cementless stems according to recorded
patient and implant characteristics.

3- Describe the likely fracture patterns occurring within 90 days of implantation.
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6.2 Methods

6.2.1Data source

The data used in this study is as describe@hapter Fiveof this thesis. Only AP

views of the femur were included.

6.2.2Data quality
For all included images themean ED) for pixel dimensions wa2299.34 §75.56)

wide by2642.06 476.83) high. 78 % (112 of 142) of images had a pixel density of
96 x 96 pixels peinch (PP) and 21.2% (30 of 142) of images had pixel density of 72

X 72 PPI.

6.2.3Inclusion criteria

All patients with a plaimrAP radiograph demonstrating a UCS grade B d?P@QPFF
following primary hip replacement with a centless femoral stem were included in

this analysis.

6.2.4Image preparation

Full femur radiographs were used when available. Where this was not available,
adjacent femal images were scaled, transformed and joined using implant and bony
landmarks to ensure agracy.All images were flipped as required so that the images

analysed all represented a right femur on standard AP view.

6.2.5Segmentation method

Manual image segmentation was performed by drawing the visible fracture edges onto
a standard size femoral temigadepicting an intact adult righemur (758 by 3121

pixels, 100% size of radiographic template) as described in the preceding chapter.
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6.2.6Variables
Patient age in years, sex and date of primary THR and d&@®FFwere recorded.
Date of plain radiogrdps prior toPOPFFwere used to establish whether the implant
had been in situ for less than 90 ddgarly POPFF or 90 days and longdtate
POPFF prior to fracture. This was used to identify stems which were unlikely to be
stabilised by osseointegratiofo compare the differences according to age, all
patients were split into two groufthose younger than 80 years old and those aged 80
years or older) since this has been previously shown to be an age above which the risk

of POPFFincreases significantl(Zhu et al., 201p

Variables derived from radiographs included: side of injury, bodrelem,construct
type hemiarthroplasty versus total hip replacemantl ipsilateral knee replacement
Stem design variables derived from the stem brand includdtiar@ersus no collar,
grit blasted finish versus negrit blasted finishstem taper and stem metaphyseal cross

sectional shape\ll patients with hip hemiarthplasty had a preceding hip fracture.

Fracture variables extracted from plain radiographs were Unified (Dasgan and
Haddad, 201y fracture type(oblique, transverse, wedge, spiral and metaphyseal
split), fracture location relative to femmetaphyseal proximal pole = 0, distal
metaphyseal pole = 1) and fracture location relative to §s&em shoulder = 0, stem

tip = 1).Normalisation of fracture pason relative to the femoral shaft was performed
by reversing andescaling they co-ordinates such that thevalues for pixels at the
metaphyseal proximal pole were equal to zero and increased to a value of one at the
distal most point on the femoral abyles. Thex coordinate values were then rescaled
by the same value to maintahe aspect ratio of the recorded fractures. Normalisation
of fracture position relative to the femoral stem was performed by reversing and
rescaling theg co-ordinates such thahey values for pixels at the stem shoulder were

equal to zero and increased to a value of one at the distal most point on femoral stem.
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Thex coordinate values were then rescaled by the same value to maintain the aspect

ratio of the recorded fractures.

6.2.7 Statistical methods

To assess relationships between variables and fracture type univariate comparisons
were made. Data were tested for normality and normally distributed continuous
variables were summarised as mean values with standard dewadigmornormally
distributed variables as edians with interquartile rangeNumerical univariate
comparisons between continuous variables with normal distribution were performed
with t-test and nomormally distributed continuous variables with a Mann Whitney U
test. Univariate comparison of ordinal and nominal variables were performed with Chi
squared tests for two groups and ANOY&Sts for more than two groups. Graphical
univariate comparisons were made with kerdehsity plots © h e a t map o) w
express the density of fracture pixgleachwo-dimensional spac@&nedimensional

density of fracture position on the long axis of the femur were also displayed for each

fracture subtype using violin plots.

Given the etrospective nature of the data, univariate comparisons are likely to result
in imbalance between the groups which may preclude useful interpretation. To
overcome this, multivariate modelling was performed to assess the associated
contribution of patientrad implant factors on fracture position and type along the

length of the femur.

Fracture position along the length of the femoral axis was modelled using a linear
regression model to estimate the effect of variables on the fracture centroid position
on anormalised femur with 95% CI. Variables were selected using an exhaustive

search method. Fracture tyf4CS and fracture type) was modelled using multinomial



- 148-
logistic regression to estimate the effect of variables o@Rwith 95% CI of having
a certairfracture type relative to a reference valdeds of UCS grade was referenced
against likelihood of Bl fracture ammtds offracture type was referenced against
likelihood of “oblique™ fracture. Wedge and transverse fractures were excluded due to
low numbes, which reduced the power of the model. Variables were selected using
relevant feature selecti@hgorithm ¢andom forests method) to maximise the accuracy

of the model. The level of statistical significance was set at alpha = 0.05.
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6.3 Results
125 patierg from four centres were included in the study. frfeglian (QR) age of
patients was 79.¢ears 69.5 to 84.3) and 592 (74 of 125) werdemale Table6-1).
The median time from primary surgeryR@PFFwvas 0.6yeas (QR 0.1 to 3.6 years

for 40 cases with complete data).

Table 6-1 Baseline demographics of Unified @ass 'B' and 'C' periprosthetic
femoral fractures around cementless femoral stems.

variable Level result
n 125
Age in yeardmedian [IQR]) 79.1[69.5 tdB4.3]
Gender %) Female 74(59.2)
Male 51(40.8)
Time toPOPFHN years(median [IQR]) 0.6 [0.1, 3.6]
Missingdata @6) 85 (68.0)
POPFFoefore 90days @6) Yes 16(12.8)
No 56 (44.8)
Missing daa 53(42.4)
Constructtype @6) Total hip replacement 91(72.8)
Hemiarthroplasty 34(27.2)
Stembrand (6) ABG 7 (5.6)
AML 1(0.8)
Austin Moore 13(10.4)
Corall 35(28.0)
Fitmore 1(0.8)
Furlong Evolution 2(1.6)
Furlong HAC 40(32.0)
Mittelmeier 1(0.8)
Omnifit 4(3.2)
Oxford 1(0.8)
Quadra 1(0.8)
Stanmore 1(0.8)
Taperloc 7(5.6)
Taperloc microplasty 1(0.8)
Thompson 1(0.8)
Zweimuller 9(7.2)
Unified classification %) Bl 44 (35.2)
B2 53(42.4)
B3 11(8.8)
C 17 (13.6)
Fracturetype o) Transverse 5(4.0)
Wedge 2(1.6)
Oblique 61(48.8)
Spiral 41(32.8)
Metaphyseal split 16(12.8)

Note Statistics shown are numbers with percentages of variable displayed in parentheses
otherwi® stated. IQR indicates interquartile ranB&QPFFindicates periprosthetic fracture of tt
femur, HAC indicates hydroxyapatite coated.
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6.3.1 Fracture patterns occurring in POPFF around cementless stems.

The greatest density of fracture lines was in the sab&mnteric area of the femur and

located about the distal two thirds of $tem Figure6-1).

Figure 6-1 Fracture density of all fractures scaled to a standardised
anteroposterior femur (A) and normalised to a stem length in situ (B)Solid
horizontal line indicates stem shoulder level and dashed line indicates stem tip level.

The most common fracture type was an oblipattern (i = 61 [48.8 %]) followed by

spiral(n = 41 [32.8 %]) and metaphyseal sfiéctures i = 16 [12.8 %], Table6-1).

Oblique fractures were located predominantly in the proximal third of the femur and
spiral fractures predominantly in the femoral diggis. Transverse and wedge
fractures were located in the proximal and distal metaphysis and at the level of the

stem tiprespectively Figure6-2).
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Figure 6-2 Fracture locations for all periprosthetic femoral fracturesstratified by
fracture type, scaled to a standardised anteroposterior femur (A) and normalised to a
stem length in situ (B). Solid horizontal line indicates stem shoulder level and dashed

line indicates stem tip level.
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6.3.2Univariate analysis of factors influencing fracture characteristics
The following resultswill demonstrate the associations between each individual

variable and the distribution of fractures using univariate analysis.

6.3.2.1Univariate comparison by gender

Female patients were older than mpdgients §1.0 years [IQR 70.6 to 85.9] versus
76.1 years [IQR 67.3 to 81.1], p = 0.05), had similar proportions of hemiarthroplasty
construct types, a greater number of stems wethllar (68.9% versus%.1%, p =0.01),

grit blasted surfac@nish (26.0% versus 11.8%, p = 0.85) and a dotiyper 49.3%
versus 32.0%, p =0.0Fable6-2). Females experienced greater than three times the
number of UCS grade C fractaréhanMales (8.9% versus 5.9%, p overall =0.17),

although fracture types were similar.
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Table 6-2 Univariate numerical comparisonof fracture pattern by gender.

Variable Level Female Male p
n 74 51
Age (median [IQR]) 81.0[70.6,85.9] 76.1[67.3,81.1] 0.05
Gender %o) Female 74(100.0) 0(0.0) <0.001
Male 0(0.0) 51(100.0)
Constructype (%) g’;ﬂgﬁqem 52(70.3) 39(76.5) 0578
Hemiarthroplasty 22(29.7) 12(23.5)
Collar ©@6) Collarless 23(31.1) 28(54.9) 0.013
Collared 51(68.9) 23(45.1)
Surfacecoating ¢6) Grit blasted 19(26.0) 6(11.8) 0.085
Nongrit blasted 54(74.0) 45(88.2)
Taper @6) Single 37(50.7) 32(64.0) 0.051
Double 36(49.3) 16 (32.0)
Triple 0(0.0) 2(4.0)
Metaphyseatross
Sectigngbhape © Oval 12(16.4) 9(17.6) L
Rectangular 61(83.6) 42(82.4)
UCS o) B1 26(35.1) 18(35.3) 0.166
B2 29(39.2) 24(47.1)
B3 5(6.8) 6(11.8)
C 14(18.9) 3(5.9)
Fracturetype @0) Oblique 40(54.1) 21(41.2) 0.26
Spiral 23(31.1) 18(35.3)
Metaphyseal split 6(8.1) 10(19.6)
Transverse 4(5.4) 1(2.0)
Wedge 1(1.4) 1(2.0)

Note: Numbers with percentage of each variable given in parentheses unless otherwise stat
indicates interquatt range, Grit blasted indicates a stem which has a grit blasted surface
without additional coatinggnd UCSndicatesUnified Classification System

The density of fractures in male femurs was concentrated in the subtrochanteric region
of the famur versus a more even distribution of fractures along the femoral axis in
females. Most fractures were concentrated in the distal half of the stem body, with
females experiencing a greater density of fractures distal to the stem timales
(Figure6-3). Females experienced a greater density of spiral and oblique fracture in

the femoral shaft than males.
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Figure 6-3 Univariate comparison of fracture position by gemler. Figures show
fracture density on a standardised anteroposterior femoral template (A), normalised to
stem length irsitu (B) and on a normalised femoral template for each fracture type

(©).

6.3.2.2Univariate comparison by age group

Older patients had a greatnumber of hemiarthroplasties than younpgetients
(42.4% versus 13.6%, p<0.01). Stems used in older patients included a greater
proportion of stems with grit blasted surfdo@shes 82.8% versus 9.1%, p<0.01
Table6-3). Older patients experienced greater than three times the number of UCS C
fractures than younger patierf22.0% versus 6.1%) and fewer B1 fractuf2s.1%

versus 42.4%, p overall= 0.04). Fracture type overall was similar between older and

younge patients.
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Table 6-3 Univariate numerical comparisonof fracture pattern by age.
Younger than 80

Variable Level 80 Years or older years p
n 59 66
Age (median [IQR]) 85.0 [81.1, 88.6] 70.3[64.1,76.0] <0.001
Gender %o) Female 39(66.1) 35(53.0) 0.193
Male 20(33.9) 31(47.0)
Constructype @) ;Ogﬂcrgf’nem 34(57.6) 57 (86.4) 0.001
Hemiarthroplasty 25(42.4) 9(13.6)
Collar ©@0) Collarless 21(35.6) 30(45.5) 0.348
Collared 38(64.4) 36(54.5)
Surfacecoating ¢6) Grit blasted 19(32.8) 6(9.1) 0.002
Nongrit blasted 39(67.2) 60(90.9)
Taper o) Single 24(42.1) 28(42.4) 0.994
Double 32(56.1) 37(56.1)
Triple 1(1.8) 1(1.5)
gﬂeitt?g:géﬁ;‘gf% Oval 13(22.4) 8 (12.1) 0.199
Rectangular 45(77.6) 58(87.9)
UCS @0) Bl 16(27.1) 28(42.4) 0.037
B2 26(44.1) 27(40.9)
B3 4(6.8) 7(10.6)
C 13(22.0) 4(6.1)
Fracturetype @6) Oblique 26(44.1) 35(53.0) 0.44
Spiral 23(39.0) 18(27.3)
Metgphyseal split 8(13.6) 8(12.1)
Transverse 2(3.4) 3(4.5)
Wedge 0(0.0) 2(3.0)

Note: Numbers with percentage of each variable given in parentheses unless otherwise stat
indicates interquartile range, Grit blasted indicates a stem whila tgit blasted surface finis
without additional coatinggnd UCSndicates UnifiedClassification $stem.

Fractures in younger patients were concentrated around the medial subtrochanteric
region, whereas fractures in older patients were distributedy ahe length of the
femoral axis Figure 6-4). Relative to the stem, distribution whke the femoral
distribution with fractures in younger patients concentrated around the medial distal
half of the femoral ste versus a broader distribution of fractures in older patients.
Older patients experienced a greater density of oblique and spiral fractures of the

femoral shaft relative to proximal femur.
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Figure 6-4 Univariate comparison of fracture position by age groupFigures show
fracture density on a standardised anteroposterior femoral template (A), normalised to
stem length irsitu (B) and on a normalised femoral template for each fracture type

(©).

6.3.2.3Univariate comparison by construct type

Patients withTHRswere younger than those witiemiarthroplasty47.0 years [IQR

68.9 to 81.0] versus 87.0 years [IQR 78.5 to 89.0], p<0.001) but had a similar gender
distribution. For patients witliHR versus hemiarthroplasty structs; less stems had

a calcarcollar @4% versus 100%, p<0.01), less stems had dlgisted surfacBnish
(12.2% versus 41.2%, p<0.01), more stems were siagéred §1.8% versus 41.2%)

and less stems were douldgered 36.0% versus 58.8%, p aad=0.06).

For patients withTHR versus hemiarthroplasty, the proportion of patients with UCS
C fractures was almost six times |€6%5% versus 32.4%) and proportion of UCS B2
fractures was great¢47.3% versus 29.4%, p overall<0,d0able6-4). Fracture type

for those with THR was also different to those with hemiarthroplasty, with
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approximately double the proportion of oblique fractufgs1% versus 26.5%) and

half the number of spiral fracturé26.4% versu$0.0%, p overall= 0.04).

Table 6-4 Univariate numerical comparison of fracture pattern by replacement
construct.

Total hip
Variable Level replacement Hemiarthroplasty p
n 91 34
Age (median [IQR]) 77.0 [689, 81.0] 87.0[78.5,89.0] <0.001
Gender %0) Female 52(57.1) 22(64.7) 0.575
Male 39(42.9) 12(35.3)
Total hip
Constructype @) replacement 91(100.0) 0(0.0) <0.001
Hemiarthroplast
y 0(0.0) 34(100.0)
Collar 0) Collarless 51 (56.0) 0(0.0) <0.001
Collared 40 (44.0) 34(100.0)
Surfacecoating o)  Grit blasted 11(12.2) 14(41.2) 0.001
Non-grit blasted 79(87.8) 20(58.8)
Taper b) Single 32(36.0) 20(58.8) 0.059
Double 55(61.8) 14 (41.2)
Triple 2(2.2) 0(0.0)
Metgphyseal Cross 4 i
sectionakhape %) 7(7.8) 14(41.2) <0.001
Rectangular 83(92.2) 20(58.8)
UCS @b) Bl 32(35.2) 12(35.3) 0.001
B2 43(47.3) 10(29.4)
B3 10(11.0) 1(2.9)
C 6(6.6) 11(32.4)
Fracturetype ©6) Oblique 52(57.1) 9 (26.5) 0.04
Spiral 24 (26.4) 17(50.0)
Metaphyseal
split 11(12.1) 5(14.7)
Transverse 3(3.3) 2(5.9)
Wedge 1(1.2) 1(2.9)

Note: Numbers with percentage of each variadiden in parentheses unless otherwise stated.
indicates interquartile range, Grit blasted indicates a stem which has a grit blasted surfac
without additional coatinggnd UCSindicatesUnified Classification System

For patients with totahip replacement, overall fracture density was concentrated in
the subtrochanteric region of the femur, whereas fractures around hemiarthroplasty
constructs were distributed more evenly along the fenaiegdhysis Figure 6-5).
Relative to the femoral stem, fractures around total hip replacement were concentrated
around the distal half of the femoral stem, whereas fractures around hemiarthroplasties

were more evenly distributed around the femoral stem tip.
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Figure 6-5 Univariate comparison of fracture position by construct type.Figures

show fracture density on a standardised anteroposterior femoral template (A),
normalised to stem length-gitu (B) and on a normalisddmoral template for each
fracture type (C).

The difference in fracture distribution appeared to be due to a difference in oblique
fracture distribution, with a greater concentration of oblique fractures around total hip
replacements occurring in the ghmal femur versus a more even distribution along

the femoral axis in patients with hemiarthroplasty.

6.3.2.4Univariate comparison by time to periprosthetic fracture

Patients with earllPOPFFwere of younger, had a similar gender distribution and had
a statisticlly similar proportion of construct type to patients with IR@PFHTable

6-5).

Patients EarlyyOPFHRHncluded more B2 fractures and fewer B3 fractures although the

overall difference in UCS grading was sagnificant © =0.12). Earlf\POPFHracture
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types were also different to [aROPFFE with more spiral and metaphyseal split types

and fewer transverse and wedgpees p overall =0.08).

Table 6-5 Univariate numerical comparison of fracture pattern by time from
primary surgery to periprosthetic fracture of the femur.

Variable Level Within 90 days 90 days or later p

n 16 56

Age (median [IQR]) 70.3[64.7, 81.2] 80.0[72.7,86.5] 0.043

Gender %0) Female 10(62.5) 32(57.1) 0.924
Male 6 (37.5) 24(42.9)
Total hip

Constructype @) replacement 11(68.8) 41(73.2) 0.972
Hemiarthroplasty 5(31.2) 15(26.8)

Collar @) Collarless 3(18.8) 23(41.1) 0.179
Collared 13(81.2) 33(58.9)

Surfacecoating o) Grit blasted 1(6.2) 14(25.5) 0.191
Non-grit blasted 15(93.8) 41 (74.5)

Taper ¢o) Single 3(18.8) 35(64.8) 0.002
Double 12(75.0) 19(35.2)
Triple 1(6.2) 0(0.0)

Metaphyseatross

sectionakhape %) Oval 1(6.2) 11(20.0) 0.361
Rectangular 15(93.8) 44 (80.0)

UCS o) B1 5(31.2) 20(35.7) 0.128
B2 10(62.5) 19(33.9)
B3 0(0.0) 7(12.5)
C 1(6.2) 10(17.9)

Fracturetype @6) Oblique 11(68.8) 25(44.6) 0.076
Spiral 2(12.5) 23(41.1)
Metaphyseal split 3(18.8) 3(5.4)
Transverse 0(0.0) 4(7.1)
Wedge 0(0.0) 1(1.8)

Note: Cases with unknown date of primary surgery are excldised the comparisonNumbers
with percentage of each varlabgiven in parentheses unless otherwise stated. IQR indi
interquartile range, Grit blasted indicates a stem which has a grit blasted surface finish \
additional coatingsand UCSindicatesUnified Classification System

A greater density ofr&ctures occurred in the proximal femur for e PFFversus
late POPFF(Figure6-6). Relative to the stem, maximum density of IBR@PFFwas
located around the stem shoulder, whereas &4y FFracture densityvas spread

over the distal half of the stem and beyond.
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Figure 6-6 Univariate comparison of fracture position by time to periprosthetic
fracture. Figures show fracture density on a standardised anteropodimoral
template (A), normalised to stem lengthsitu (B) and on a normalised femoral
template for each fracture type (C).

6.3.2.5Univariate comparison by stem collar

Median age of patients with a collarless stem was less than those with a ci#aned
(IQR) age 7.8 [69.5, 81.0] years versus 80.1 [69.7, 88.0] years, p= 0.05), included
moremales 54.9% males in collarless group versus 31.1% in collared group, p= 0.01)
and no patients with hemiarthroplastgnstructs @.0% versus 45.9%, p<0.01).
Patientswith a collarless stem had a significantly different UCS profile versus the
collaredgroup <0.001), with fewer BXractures 21.6% versus 44.6%), a greater
proportion of B2fractures 64.7% versus 27.0%) and fewer typdr@ctures 2.0%
versus 21.6%). fcture type did not differ significantly between collarless and

collared stengroups p= 0.54,Table6-6).
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Table 6-6 Univariate numerical comparisonof fracture pattern by calcar collar.

Variable Level Collarless Collared p
n 51 74
Age (median [IQR]) 77.8[69.5,81.0] 80.1[69.7,88.0] 0.051
Gender %0) Female 23(45.1) 51(68.9) 0.013
Male 28(54.9) 23(31.1)
Total hip
Constructype @0) replacement 51(100.0) 40(54.1) <0.001
Hemiarthroplasty 0(0.0) 34(45.9)
Collar ) Collarless 51(100.0) 0(0.0) <0.001
Collared 0(0.0) 74(100.0)
Surfacecoating ) Grit blasted 9(17.6) 16(21.9) 0.722
Nongrit blasted 42(82.4) 57(78.1)
Taper o) Single 41(80.4) 28(38.9) <0.001
Double 8(15.7) 44(61.1)
Triple 2(3.9) 0(0.0)
Metaphyseatross
sectionakhape %) Oval 7(13.7) 14(19.2) 0.58
Rectangular 44(86.3) 59(80.8)
UCS @b) B1 11(216) 33(44.6) <0.001
B2 33(64.7) 20(27.0)
B3 6(11.8) 5(6.8)
C 1(2.0) 16(21.6)
Fracturetype @6) Oblique 28(54.9) 33(44.6) 0.548
Spiral 16(31.4) 25(33.8)
Metaphyseal split 6(11.8) 10(13.5)
Transverse 1(2.0) 4(5.4)
Wedge 0(0.0) 2(2.7)

Note:Numbers with percentage of each variable given in parentheses unless otherwise stal
indicates interquartile range, Grit blasted indicates a stem which has a grit blasted surfac
without additional coatingsand UCSndicatesUnified Classification System

Fractures in patients with collarless stems were concentrated in the subtrochanteric
region versus a greater spread of fracture density along the femoral axis for fractures
around ctlared stems. This difference appeared to be due to a greater density of

oblique and spiral fractures in the femadaphysis §p <0.01,Figure6-7).
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Figure 6-7 Univariate comparison of fracture position by collar. Figures show
fracture density on a standardised anteroposterior femoral template (A), normalised to
stem length irsitu (B) and on a normalised femoral template for each fracture type

(©).

6.3.2.6Univariate comparison by stem surface finish

In comparison to patients who had stems with-fudly grit blasted surface finishes,
patients with fully grit blasted surface finish wégd.3 years [IQR 81.0 to 89.0] versus
76.1 years [68.2 to 81.5], p <0.001), included/iér maleg24.0% versus 45.5%, p=
0.09), included fewer total hip replacement construct tygds0% versus 79.8%,
p<0.01) and included more stems with oval metaphyseal-sexs®nal shapg6.0%

versus 7.1%, p<0.0Table6-7).

In comparison to patients who had stems with-futly grit blasted surface finishes,
patients with fully grit blasted surface finished stems fractured with a greater

proportion of UCS C fractures and less UCS B2 fractures but the os#éfatence



did not reach statistical significan€e overall=0.26) Distribution of fracture types

- 163-

between the groups was simi(@=0.3).

Table 6-7 Univariate numerical comparisonof fracture pattern by surface finish.

Not fully grit
Variable Level Fully grit blasted blasted p
n 25 99
Age (median [IQR]) 84.3 [81.0, 89.0] 76.1[68.2,81.5] <0.001
Gender %0) Female 19(76.0) 54(54.5) 0.085
Male 6 (24.0) 45 (45.5)
Total hip
Constructype @0) replacement 11(44.0) 79(79.8) 0.001
Hemiarthroplasty 14 (56.0) 20(20.2)
Collar 0) Collarless 9(36.0) 42(42.4) 0.722
Collared 16 (64.0) 57(57.6)
Surfacecoating £0) Grit blasted 25(100.0) 0(0.0) <0.001
Nongrit blasted 0(0.0) 99(100.0)
Taper 00) Single 15(62.5) 54(54.5) 0.649
Double 9(37.5) 43(43.4)
Triple 0(0.0) 2(2.0)
Metaphyseatross
sectionakhape %) Oval 14 (56.0) 7(7.1) <0.001
Rectangular 11(44.0) 92(92.9)
UCS @b) Bl 8(32.0) 36(36.4) 0.264
B2 8(32.0) 45 (45.5)
B3 3(12.0) 7(7.1)
C 6 (24.0) 11(11.1)
Fracturetype @6) Oblique 14 (56.0) 46 (46.5) 0.301
Spiral 7 (28.0) 34(34.3)
Metaphyseal split 1(4.0) 15(15.2)
Trans\erse 2(8.0) 3(3.0)
Wedge 1(4.0) 1(1.0)

Note numbers with percentage of each variable given in parentheses unless otherwise stat
indicates interquartile range, Grit blasted indicates a stem which has a grit blasted surfac
without additional catings,and UCSndicates Unified ClassificationyStem.

Overall distribution of fractures appeared to be similar relative to the normalised femur
and to the femoradtem Figure 6-8). Distribution of fracture types on a normalised

femur where also not greatly different in appearance.
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Figure 6-8 Univariate comparison of fracture position by surface finish.Figures
show fracture density on a stardised anteroposterior femoral template (A),
normalised to stem length-gitu (B) and on a normalised femoral template for each
fracture type (C).

6.3.2.7Univariate comparison by stem taper

Only two patients had a femoral stem which was triple taparddrese were excluded

from the figuresThe age distribution for patients with single and double tapered stems
was broadly similar. Patients with double tapered stems versus single tapered stems
included more malpatients 46.4% versus 30.8%), a greater pnajom of total hip
replacements70.7% versus 61.5%) and a greater proportion of stems with oval
metaphyseal cross sectiosalape 80.4% versus 0.0% able6-8). UCS and fracture

type for patients with single versaouble tapered stems were similar overall.
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Table 6-8 Univariate numerical comparisonof fracture pattern by taper.

Variable Level Single Double Triple p
n 52 69 2
Age (median 79.1[69.4, 78.7[70.2, 61.5[52.3,
[IQR]) 84.2] 84.0] 70.8] 0.551
Gender %0) Female 36(69.2) 37(53.6) 0(0.0) 0.051
Male 16(30.8) 32(46.4) 2(100.0)
Total hip
Constructtype @6)  replacement 32(61.5) 55(79.7) 2 (100.0) 0.059
Hemiarthroplast
y 20(385) 14 (20.3) 0(0.0)
<0.00
Collar ©@6) Collarless 8(15.4) 41(59.4) 2(100.00 1
Collared 44 (84.6) 28(40.6) 0(0.0)
Surfacecoating o)  Grit blasted 9(17.3) 15(21.7) 0(0.0) 0.649
Non-grit blasted 43(82.7) 54(78.3) 2(100.0)
<0.00
Taper ¢o) Single 52(100.0) 0(0.0) 0(0.0) 1
Double 0(0.0) 69 (100.0) 0(0.0)
Triple 0(0.0) 0(0.0) 2(100.0)
Metaphysealcross <0.00
sectionakhape %) Oval 0(0.0) 21(30.4) 0(0.0) 1
Rectangular 52(100.0) 48(69.6) 2 (100.0)
UCS @0) Bl 21(40.4) 22(31.9) 0(0.0) 0.661
B2 19(36.5) 32(46.4) 2(100.0)
B3 4(7.7) 6(8.7) 0(0.0)
C 8(15.4) 9(13.0) 0(0.0)
Fracturetype @6) Oblique 25(48.1) 34(49.3) 0(0.0) 0.79
Spiral 18(34.6) 22(31.9) 1(50.0)
Metaphyseal
split 7(13.5) 8(11.6) 1(50.0)
Transverse 1(1.9) 4(5.8) 0(0.0)
Wedge 1(1.9) 1(1.4) 0(0.0)

Note Numbers with percentage of each variable given in plagses unless otherwise stated. I
indicates interquartile range, Grit blasted indicates a stem which has a grit blasted sugfhc
without additional coatings arldCS indicates UnifiedClassification $stem.

Overall distribution of fractures appealrto be similar relative to the normalised femur

and to the femoradtem Figure 6-9). Distribution of fracture types on a normalised
femur demonstrated a greater density of diaphyseal oblique fractures and proxima
spiral fractures for double versus single tapered stems. Single tapered stems had a
greater distribution of oblique fractures in the proximal femur and a greater distribution

of spiral fractures in the femoral diaphysis.
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Figure 6-9 Univariate comparison of fracture position by stem taper with triple
taper stems excluded (n=2).Figures show fracture density on a standardised
anteroposterior femoral template (A), normalised to stem lengghun(B) and ora
normalised femoral template for each fracture type (C).

6.3.2.8Univariate comparison by stem metaphyseal crossectional shape

There were just 21 cases with a stem which had an oval metaphysealexiissal
shape and one case where the metaphyseal-sagigmal shape was not known.
Patients who fractured around a stem with oval metaphysealsgossnal shape
were older 4.3 years [IQR 77.2 to 89.0] versus 77.8 years [IQR 69.0 to 82.1],
p<0.01), had a greater proportion of hemiarthropleshstructs§6.7% versus 19.4%,

p<0.01). These patients also had more stems which had a grit blasted Bnisace
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(66.7% versus 10.7%, p<0.01) and singleer (00.0% versus 47.1%, p<0,00able
6-9).
Distribution of UCS betreen groups was similar but there were fewer metaphyseal

split fractures around stems which had an oval metaphysealsgca$snalshape

(4.8% versus 14.6%, p=0.05).

Table 6-9 Univariate numerical comparison of fracture pattern by metaphyseal
cross sectional shape.

Variable Level oval rectangular p
n 21 103
Age (median [IQR]) 84.3[77.2,
89.0] 77.8[69.0,82.1] 0.008
Gender(%) Female 12(57.1) 61(59.2) 1
Male 9(42.9) 42 (40.8)
Construct tpe (%) Total hip
replacement 7(33.3) 83(80.6) <0.001
Hemiarthroplasty 14(66.7) 20(19.4)
Collar (%) Collarless 7(33.3) 44(42.7) 0.58
Collared 14 (66.7) 59(57.3)
Surface coating%o) Grit blasted 14(66.7) 11(10.7) <0.001
Non-grit blasted 7(33.3) 92(89.3)
Taper(%) Single 21(100.0) 48(47.1) <0.001
Double 0(0.0) 52(51.0)
Triple 0(0.0) 2(2.0)
Metgphysead:ross Oval
sectionakhapg(%) 21(100.0) 0(0.0) <0.001
Rectangular 0(0.0) 103(100.0)
UCS(%) B1 7(33.3) 37(35.9) 0.174
B2 7(33.3) 46 (44.7)
B3 1(4.8) 9(8.7)
C 6 (28.6) 11(10.7)
Fracture typg%) Oblique 10(47.6) 50(48.5) 0.048
Spiral 6 (28.6) 35(34.0)
Metaphyseal split 1(4.8) 15(14.6)
Transverse 3(14.3) 2(1.9)
Wedge 1(4.8) 1(1.0)

Note One stem where the cressctional shape was unknown was not included in the anal
Numbers with percentage of each variable given in parentheses unless otherwise GRt
indicates interquartile range, Grit blasted indicates a stem which has a grit blasted susfac
without additional coatings andCS indicates Unifie¢lassificationsystem.

The greatest concentration of fractures for both groups was arobtrdchianteric

region of the femur and the distal half of the femoral qt€igure6-10).
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Figure 6-10 Univariate comparison of fracture position by metaphyseal cross
sectional shape.Figures show fracture density on a standardised anteroposterior
femoral template (A), normalised to stem lengtksita (B) and on a normalised

femoral template for each fracture type (C).
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6.3.3 Modelling fracture position
Univariate linear egression modelling of fracture centroid position on the normalised
femur indicated that a more distal fracture location is significantly associated with
increasing age, female gende@QPFFafter 90 days, hemiarthroplasty constructs, stem
collar (borderlne p =0.07), a fully grit blasted surface finish and an ovaloid cross
sectional metaphyseal stem shgpable 6-10). The largest significant univariate
estimated effect on fracture centroid position wasP&® FHdifferenceof 14% on a
normalised femur distally) followed by hemiarthroplasty constructs and ovaloid
metaphyseal crossectional shapéoth with displacement of 10% on a normalised

femur).

When the variables were combined into a multivariate model wiachthe largest
adjusted Rvalue, variables associated with a significant change in fracture centroid
position were associated with female gender, R@PFFand hemiarthroplasty
constructs. The largest significant multivariate estimated effect on rieacéntroid

position was lat€ OPFHdisplacement of 15% on a normalised femur distally).
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Table 6-10 Univariate and multivariate fixed effect estimates of explanatory variables on the fracture centroid pasbn on the
normalised femur.

Fracture
position
(mean Univariate coefficient (95% Multivariate coefficient
Variable Level [SD]) Cl, p) (95% ClI, p)
Age [43.0,101.6] 0.3(0.2) 0.00(0.00 to 0.01, p=0.002) -
Gender Male 0.3(0.1) - -
Female 0.4(0.2) 0.08(0.02 to 0.14, p=0.006) 0.09(0.02 to 0.16, p=0.019)
Early POPFF Within 90 days 0.2(0.1) - -
90 days or later 0.4(0.2) 0.14(0.05 to 0.24, p=0.004) 0.15(0.07 to 0.24, p=0.001)
Implant construct Total hip replacement 0.3(0.1) - -
Hemiarthroplasty 0.4(0.2) 0.10(0.04 to 0.16, p=0.002) 0.12(0.04 to 0.21, p=0.003)
Collar Collarless 0.3(0.1) - -
Collared 0.4(0.2) 0.05(-0.01 to 0.11, p=0.073) -
Taper Single 0.3(0.2) - -
Double 0.3(0.2) -0.01(-0.07 to 0.05, p=0.656) -
Triple 0.2(0.0) -0.18(-0.42 to 0.05, p=0.128) -
Not fully grit blasted
Surface finish finish 0.3(0.1) - -
Fully grit blasted finish 0.4(0.2) 0.09(0.02 t0 0.17, p=0.011) -
Metaphyseatrosssectionakhape Rectangular 0.3(0.1) - -
Ovaloid 0.4(0.2) 0.10(0.03 to 018, p=0.009) -

Multivariate model metrics: cases excluded due to missing data = 53iketigood = 34.42, AIC =58.8, Rsquared = 0.28, Adjusted-$juared = 0.25

Note:Value given is the mean fracture centroid posi{standard deviation). Multiveate model with the largest adjustees@uared value was chosen usi
exhaustive search. Coefficients indicate the change in fracture centroid position associated with a single unit chamgsainatiogy variable for a singl
variable (univariate) and Wwen included with other variablémultivariate). SD = standard deviation, 95% CI indicated 95% confidence interval ¢
coefficient, p indicates the likely hood that the true effect is zero.
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6.3.4 Modelling fracture type

The only significant univariate fixe effect which decreased the odds ratio of
metaphyseal splitting fractufgersus oblique fracture) was female gen@&r 0.32,
p<0.05 Figure6-11). Significant univariate fixed effects which increased the odds of
a spiral fracturgversus oblique fracture) included hemiarthroplasty const{@i®s
4.09, p<0.05) and EarlpOPFF(5.06, p<0.05). Significant univariate effects which
increased the odds of transverse fract(versus oblique fracture) was oval
metaphysealcrosssectional shapdOR 7.5, p<0.05). Theravas no statistically

significant univariate relationship demonstrated with wedge fractures.

Metaphyseal spiit | | Spiral
0.99, p=0.70 1, p=0.85
Age increase of 1 year #

031, p<0.05 067, p=0.35
Female versus male

263, p=0.15 409, p<0.05

Hemiarthroplasty versus I - | I - |

total hip replacement

0.44, p=0.35 5.06, p<0.05

Late PFF } .

versus early PFF

1.41, p=0.55 1.33, p=0.50

Collared versus collarless  —— f——
1.19, p=0.75 1.11, p=0.80
Single versus double taper ] ——

0.22, p=0.15 0.68, p=0.45
Fully grit blasted surface [versus others

0.33, p=0.30 0.86, p=0.80
Oval cross sectional shape
versus rectangular

0.1 1.0 10.0 01 1.0 10.0

Odds ratio estimates for univariate effect on fracture type

Figure 6-11 Univariate regression of each variable on the odds rat (OR) of
fracture type (versus oblique fracture).Labels indicate the odds ratio with p value
above a graphical representation of odds ratio (dot) and 95% confidence interval (error
bar). Red colour indicates OR of less than one (decreasing odds) &ndobdur
indicates OR of greater than one (increasing odds).
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The most important variables were eaR@PFFversus latePOPFFfollowed by
hemiarthroplasty construct versus total hip replacement, as determined by a relevant
feature selection algorithnAddition of other variables reduced the accuracy of the
model. The final model had an accurd®p) of 0.66(0.17) meaning that based on
the final variables the model could accurately predict the fracture type 66% of the time
Hemiarthroplastyversus total ip replacement) was associated with an increased odds
of spiral versus oblique fracture tyf@R 4.3 [95% CI 1.2 to 15.3], p<0.05) and Late
POPFHR(versus earlfPOPFF was associated with an increased odds of spiral versus
oblique fracture typgOR 5.6 [95%CI 1.1 to 28.6], p<0.05) and there was an
association between laBOPFFand a reduced odds of metaphyseal split fractures,

although this effect was not significgitigure6-12).

Metaphyseal spit | [ Spiral

0.8 (0110 8), p=0.85 4.3 (1.2 t0 15.3), p<0.05

Hemiarthroplasty | .
versus total hip replacement

0.5 (0.1 t0 2.6), p=0.40 5.6 (1.1 10 28.6), p<0.05

Late PFF l |
versus early PFF | |

0.1 1.0 10.0 0.1 1.0 10.0

Qdds ratio estimates for effect on fracture type versus oblique fracture

Figure 6-12 Fixed effects of variables of greatest importance on odds of fracture
type (versus oblique fracture) in final multinomial logistic regression model.
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6.4 Discussion
Most fractures occurred in the subtrochanteric region of the femur aroundsthle di
half of the femoral stem. Fracture position along the femoral axis was more distal with
older patients, females aR@©PFFoccurring after 90 days. The most common fracture
patternwasoblique and spiral. Fracture patterns tended to occur in spetificraical

location and were associated with hemiarthroplasty constructs and time to fracture.

Almost nine out of ten fractures were UCS B type with the majority being B2 fracture
types, which is in agreement with large studies in the published lite(&iuae, T. et

al.,, 2017 Abdel et al., 2016p Most fractures occurred within the first 0.6 of a year
following implantation and a third of which occurred within 90 days of hip
replacement. This finding supports the assertion that a large proportion of fractures
around a cementless femoral stem tend to occur within the first few months following
surgery(Gromov et al., 201 7Thien et al., 2014 and is in agreement with the findings

in this thesis based on large scale analg$isevision for periprosthetic femoral

fracture from the NJR.

6.4.1Fracture location

Fractures were most common in the subtrochanteric area of the femur and around the
distal half of the femoral stem. The methods used are novel and direct comparison with
otherresults is not possible but the results are broadly in agreement with Vancouver
grades given in the literatur@Khan, S. and Kyle, 2019Abdel et al., 2016pb
Chatziagorou et al., 2019&inlayson et al., 20)9This study also demonstrated that
fractures types occurred withigpecific regions of the normalised femur. Notably,
transverse fractures occurred around the femoral metaphysis and wedge fractures were
centred on the stem tip, where there is likely to be a relatively abrupt change in
modulus ofelasticity between the flexible femoral diaphysis and the relatively stiffer

metaphysis or stem respectivelyluch of the changes observed by univariate
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comparison appear to be due to a change in spiral and or oblique fractures location.
This new observatin would not have been identified using conventional means given
that the precise location of fractures would not have been evident when using the UCS

classification.

Early fractures occurred more proximally than late fractures and were almost
exclusivelyaround the femoral stem. This may suggest that the-ptesemfemur
construct creates facal point for fracture. This may be related to the generation of
hoop stresses in the proximal femur, which reduce the tolerance of the femoral cortex

to furtherloads which may occur during injutabdul-Kadir et al., 2008

Fraduresafter 90 daysvere associated with a more distal location of approximately

15% of total femoral length araigreater density of spiral and oblique fractures in the

distal diaphysisThis result represents a new and more accurate finding than would be
possible using existing methodsAs the cementless implant undergoes
osseointegration there is an increase in strength and transference of shear stress as bone
grows(Gao et al., 2019 When the stem is in a prefisstate, without associated bony
growth, relative movement between the implant and bone are more likely and may
allow implant movement relative to the femur and fractBracture mechacs may

differ before and after 90 days as a function of recovery of muscle function since and
experimental study has shown that muscle action of the enveloping muscle groups may

reduce the global strain values in an intact human fé8iardes et al., 2000

It is possible that features associated with a more distal fracture configuration and less
likely to lead to revision surgery. Implant design charactesistiuich were associated

with a more distal fracture position were calcar collar, decreasing stem body taper,
non-grit blasted surface finish. Interestingly, these relationsigpsewith the findings

of thepreceding registry study which found that thesssures were associated with a
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reduced risk of early periprosthetic fracture revisidhis is the first time such a
relationship has been quantified and provides the first signal that links rdzasty

observations with changes in real world fractonechanics.

The final model demonstrated that a more distal fracture position was associated with
female gender, hemiarthroplasty constructs and late fracture. The fixed effects were
well beyond the expected error associated with the image processing snstwd
preceding chapter) and are likely to represent real effects. Large scale registry studies
have demonstrated that UCS C fractures are more common in women and older
patients(Chatziagorou et al., 201.8This may reflect the greater risk of diaphyseal
fractures in femlias versus maleis native femur fracturefNg et al., 201pand the
increased risk of diaphyseal frace relative to trochanteric fractures in females versus
males, which has been observed in elderly populaf®ing et al., 2019 The majority

of strength in the femur is derived fraitme surrounding cortical bor{élolzer et al.,

2009 and cortical thickness is the strongest single predictor of fracture loads in native
femur models(Pottecher et al., 20168Napoli et al., 2012 Reduction in cortical
thickness and quality are most pronounced in women and those with neck of femur
fractures(Osterhoff et al., 20L@orr et al., 1993Napoli et al., 201p It is possible

that females and those with a history of hip fracture experience a greater loss of
diaphyseal bone strength relative tetaphyseal bone strength tharen and those

with a history of hip osteoarthritis. This may precipitate a greater frequency of

diaphysehbfracture relative to proximal metaphyseal fracture.

6.4.2Fracture type

Half of fractures were oblique types occurring in the proximal half of the femur
adjacent to the stem and a third were spiral types, occurring from the proximal to distal

metaphyseatliaphyseal junction. Only a small proportion of fractures were wedge or
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transverse types. This is in line with the current evidence which has suggested a
majority of fractures are broadly oblique or sp{Fabdel et al., 2016bFenelon et al.,
2019. In the native femur, oblique fractures in the proximal metaphysis and
subtrochanteric region may be initiated by atiohal moment around a posterior
greater trochanter impag@eyak, 2000, whilst spiral fractures of the femoral shaft
are typically caused by rotational loa@itajn, I. and Rodriguez, 20L1Rupprecht
and colleagues suggested that rotational mechanisms lead to fracture around a
cemented polished taper femoral stem in all cases, and pictures of fractures suggest an
oblique patteriiRupprecht et al., 20)ITheseaesults demonstrate thsgiral fractures,
which are likely to be caused by rotational loads, occurred along the length of the
femur. Differences may be accounted for by implant mechanics since the polished
taper stem, used by Rupprecht and colleagues, did not have a directobibred
surrounding cement mantle and is able to move independently of the femur and cement
mantle. INPOPFRerms, a polished taper cemented stem manbgous t@a press
fit stem in very strong bongement). A similar concentration of oblique fractire
around the stem can be seen in early fractures, where the cementless stem is held in
the femur by presBt and may move independently of the femur under high loads. For
late fractures, where relative movement between the stem and femur is lessXi&gkly, a
and rotational loads may be transferred across the-lsvewn interface to the

surrounding femur, leading to rotational fractures which are distal to the femoral stem.

Univariate modelling demonstrated that metaphyseal split versus oblique fractures
were three times more likely in males and there was a weak association between
increased odds of metaphyseal split fracture and total hip replacemenf @&HF

stems which were not fully grit blasted or rectangular in esessional shape.
Metaphyseal @it fractures may be more likely under high lodDsmey et al., 20)1

which may be more likelyo occur durig injuries where thg@roximal femur is of
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greater strength. Males may have been at greater risk of metaphyseal split fractures
because they are likely to be heavier than females and are able to impart greater axial
loads on the stem femur construct. Freetoads are also likely to be greater in thicker,
stronger bone of mefDorr et al., 199Band those with total hip replacemérather
than hemiarthroplasty). Greater required loads to initiate fracture in these cases may
lead to a higher relative proportion of metaphyseal split fractures. E@BFFmay
be a risk factor because prior to osseointegration the stem and femur may move
independently, as already discussed. Stems with thicker modern mineralised coatings
are likely to have greater levels of interferencéXtdul-Kadir et al., 2008and many
of the stems with rectangular shape in this study had a horizontal stepped surface shape
(Corail, DePuysynthe$ or an pronounced sh€Furlong HAC, JRI), wich may also
increase transmission of stresses on the surrounding metaphyseal bone precipitating

higher energy fracture during axial loading.

Univariate and multivariate modelling demonstrated strong associations between late
POPFFand hemiarthroplasty cetructs and increased odds of spiral versus oblique
fractures. Spiral versus oblique fractures were five times more likely foP QRF-F
versus earlf?OPFFand four time more likely following hemiarthroplasty versus total

hip replacementThis is in agrement with the argument that |aBOPFF where
osseointegration is more likely, leads to greater transfer of shear stresses from stem to
the femur and the subsequent rotational forces result in a larger proportion of spiral
fractures rather than an obligfi@acture around the ste®Rupprecht et al., 20)1
Hemiarthroplasty constructs are likely to be a surrogate marker for neck of femur
fracture and poorer bone strength relative to patients with total hip replacement. It may
be that the relative loads required to cause a spaetlire in patients with poorer bone
quality is less resulting in a greater proportion of spiral fractures relative to oblique

fractures.
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6.4.3Limitations
Primarily this study is limited by a small overall sample size, which reduces the power
of conclusions andhodellingmethods Missing time tdPOPFFwas responsible for a
largeloss in sample size during multivariate modelling caused by poor patient recall,
failure to record an exact primary surgery date and patients being treaBdR&iF
who did not undergprimary surgery in the same hospital, so that no available images
of primary surgery available to determine the date of implantation. Given the strength
of earlyPOPFFas a predictor of fracture features in this study, further studies should
seek to carelly determine the time of primary surgery such that larger samples can
be analysed in future study. A small overall sample size precluded the useful analysis
of variables occurring with low frequency in the study and reduced the power of
associated modetig. Despite the significant positive findings, the variability between
patients was large anolverall, the linear models were poor predictors of fracture
position. This may be because of the range of fractures which can occur secondary to
variation in injuy mode, anatomical variation between patients or unmeasured
important differences in implant design and usage such as appropriate implant sizing
and position. Given the complexity of the task the number of predictors could well
grow beyond what is feasilto model and careful variable selection is required in
future work to balance the number of predictors and the sample size. Greater power
could be achieved by a much larger sample size or including more relevant predictors.
Despite small sample size thecuracy of the final multinomial model was good but
may also improve with greater sample sizes. This study only used anteroposterior
images which may reduce the accuracy of fracture tymaldition,threedimensional
fractures are analysed in two dimems which result in some loss of accuracy in
determining fracture position and fracture type, particularly when oblique fractures are

viewed out of planeTwo-dimensionatlata was expressed ngonedimensionviolin
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plots of fracture distribution alongpé¢ length of the femoral axis, which prevents the

reporting of fracture position across the width of the femur.

6.4.4Conclusions

This small exploratory study has demonstrated that fracture location and pattern vary
significantly between patients and may beeleent on patient gender, bone quality
and the likelihood of osseointegration at the cementless stem bone interface. Early
POPFRend to occur almost exclusively around the distal half of the femoral stem and
are predominantly oblique, metaphyseal spid apiral types. EarlpOPFFare likely

to occur as a result of a range of fracture mechanisms, which may predominantly be a
combination of axial loading and rotational forcEee manual segmentation method

in this study has allowed for more accurate tiree analysis than conventional
methods, which in turnhas facilitated analysis of factors which affect the
characteristics of POPHBr the first time This information will be an important for

the future analysis of fracture patterns and evaluation joleamh performance relative

to POPFF.
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Chapter 7 Biomechanical testing of calcar collar using simulated

periprosthetic femoral fracture model.

This chapter will describe biomechanical studies which tested the hypotheses

developed so far in the thesis. Part onthisf study forms the basis of the publication:

Lamb JN, Baetz J, Messddannemann P, Adekanmbi I, van Duren BH, Redmond
A, West RM, Morlock MM, Pandit HGA calcar collar is protective against early
periprosthetic femoral fracture around cementless femooahponents in primary
total hip arthroplasty: a registry study with biomechanical validatiBone and

Joint Journal 101-B (7):779786 Jul 2019.

Chapters Three and Fadentifiedimportant variables which may predict a change in
the risk of periprosthdtifracture of the femuiPOPFF using a national observational
dataset and then performed an exploratory analysis to define fracture patterns in a
cohort of patients witlPOPFRo estimate the likely mechanism of fracture leading to
POPFFE This chapter aisito test the hypotheses which have been created thus far
using experimental methods. Part one of this chapter outlines the resistance to
simulated POPFF between otherwise identical collared andlamtéss cementless
stems. Part twassesses the validity the use of composite bone modelPIOPFF
testing by comparing the results of cadaveric and composite femur testing using
identical methods. Finally, part threessesses the effect of collar contact on the
resistance to fracture around collared cemesitidems to validatené hypothesis

proposed in Part one
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7.1 Comparison of collared and collarless stem in simulated early

POPFF using a paired cadaveric femurs

7.1.1 Introduction

Periprosthetic fractures are a rare but potentially devastating event leading to a
increased risk of deafl®itajn, I.L. et al., 2017/Bhattacharyya et al., 200 #eduction

in mobility and an increased risk of reoperation and revigtilips, J.R. et al., 20)1
Chapter Fouhas shownthat mostfractures occur in the early pesperative period,

prior to osseointegration of the femoral stem and a range of implant design features

have a significant effect on the riskBOPFHnN this initial postoperative phase.

A reduced rislof fracture was strongly associated with stems which had a calcar collar,
a fully grit-blastedor roughenedurface finish(versus porous or mineralised porous
surface finishes)a rectangulametaphyseal crossectional shape and a stem body
which was tpered in two planegversus triple taper), but causation could not be
inferred without validation by other methods. Design features whiokxaér@ osseous

may be an appropriate target feduction inPOPFFsincelateradoption may be less
likely to causaunintended consequences on stem performance during normal use. Such
a potential target is a medial calcar collar, which may reduce risk of fracture by
preventing relative movement between the stem and proximal femur during injury.
This may make the calcaollar a good starting point for biomechanical validation of

the hypotheses proposed thus far in this thesis.

Early POPFFaround cementless stems most commonly cause a Vancouyer A
fracture type othew Bo6(fracture of calcar with lesser trochanté@romov et al.,
2017 Taunton et al., 2035/an Howelingen and Duncan, 201¥an Eynde et al.,
201Q Capello et al., 2004 These fracture patterns suggest a torsional mechanism

(Van Eynde et al., 2@. These hypotheses were corroborated in chaftevhich
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demonstrated that eafROPFFare likely to occur as a result of a combination of axial
and rotational loading. Such an approach has been used previously in the literature to
produce fracturesraund cemented polished taper femoral st@p1sS (Ginsel et al.,
2015 Morishima et al.,, 2014 Given that there are similarities in the relative
movement of a PTS and a cementless stem prior to osseointegration, it is likely that a
similar approach will produce fractures closely represent the most commarposi

and fracture type during ealBOPFFE

Fracture loads between patients are not comparable due to differences in age and bone
mineral densityJakubowitz et al., 2009awithin patient(paired) comparison may
provide more robust resulf§homsen et al., 2008akubowitz and Seeger, 2Q1%his
approach is most useful when compaiimgary grou such a calcar collar versus no

calcar collar.

The aim of this study is to experimentadjyantify the difference in maximum load to

fracture between collared and collarless cementless stems.

7.1.2 Methods

This study was performed in collaboration with thef@ssor Michael Morlock and

his team at the Department of Biomechanics, Hamburg University of Technology, who
provided expertise in experimental design and facilities for specimen preparation,
storage and testing. Implants were supplied by DeRughesDePuy SynthesUK,

Leeds).
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7.1.2.1 Specimens and preparation

This study was performed in accordance with local ethical guidelines and regulations
of Hamburg University School of Medicine. Biomechanical assessment of the effect
of calcar collar on presseointegratn POPFF was performed by comparing
maximum moment to fracture between collared and collarless CDediuySynthes
Leeds, UK) implants which are identical in every way apart from the presence of a
calcar collar. To minimise cost of precious donatedhffeszen femora a small sample
sizewas used. Fivpairs of fresh frozen human female femora were dissected within
48-hours posmmortem, frozen at20°C (2 freezethaw cycles per specimen), and
defrosted overnight before biomechanical testing and kept omigy saline solution

and plastic wrappin@lable7-1). One pair of femora was excluded du¢@®FFand

one pair due to adhesive failure between implant head and load applicator during

mechanical testing.

Table 7-1 Donor demographics for female femora used in biomechanical testing.

Trial  Collar Age (years) Height (cm)  Side BMD [gHA/cm?3]
1 Yes 67 154 Right 1.35
1 No 67 154 Left 1.31
2 No 85 157 Right 1.08
2 Yes 85 157 Left 1.08
3 No 76 158 Right 1.33
3 Yes 76 158 Left 1.42

Note BMD indicates bone mineral density measured in grams of hydroxyapatite per
centimetre.

The authorperformed all prparation and fixation to minimgsvariability. Femora
were striped of soft tissue and scanned using-ad® Computer tomography scanner
(CT, Brilliance 16 CT; Philips Healthcare, Hamburg, Germany) with a solid
calibration phantom(Bone Density Calibration Phantom; QRM, Mdhrendorf,
Germany) to assesemparativebonemineral densitypetween pairgLewiecki et al.,

2009 and screen for prexisting fractures and/or bony disease. Femora were prepared
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using standard equipmest s per manufactureros gqgui del
performed on each femur and primary stability was assessed manually for each stem.
Stem size was selected when the largest possible broach achieved rotational stability
in the proximal femora on manuabtational stability assessmerRrior to stem
implantation a plastic replica implant identical to the final implant was inserted into
the cavity to reduce CT artefact and CT scanning was repeated to |dGPfFE In
each pair, one femur was implantedhwa Corail collarless stem and the other with a
Corail collared stenfboth stems DePuy [standard offset, 135 degrees], Leeds, UK) of
equal size and offsg¢Figure 7-1). Stem stability was assessedhnually,and colar
contact was confirmed when the implant was fully seated. CT scanning was repeated
to ensure correct implant placement and excl@RFFE CT images were analysed

using FlJI(ImageJ v1.52, NIH, USA).
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Figure 7-1 Reformatted CT demonstrating anteroposterior view of specimens
immediately after implantation with a Corail femoral stem.
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7.1.2.2 Experimental setup

The test set up was adapted from previous metfMddsshima et al., 2014 A mixed

axial and rotational method was chosen because this has previously been shown to
reproducd®OPFFat the level of the stei@orishima et al., 2014Ginsel et al., 2015
Jakubowitz and Seeger, 2Q01nd is likely to be a common mechanism of injury in
early POPFFaround cementless stenf@hapter Six) Specimens werengedded
distally in polymethylmethacrylate inside steel pots and stabilised with reinforcing
screws to prevent axial rotation of the femur. Specsneere aligned in sidegrees

of varus in the coronal plane and vertical in the sagittal plane. Depth ywaseddso
40mm of diaphysis remained between the stem tip and the fixative. A 32mm CoCr
head(DePuy, Leeds, UK) was fitted to the stem aadh specimen was secured in a
materials testing machir(®TS 858.2; Eden Prairie, MN, USAThe prosthetic head
wasfixed to the load applicator with adhesiFegure7-2). A vertical load was applied

to the specimen to simulate single leg st4a&@0N) for ten seconds to allow bedding

in and stabilisation of stem prefs (Kannan et al., 2024 Axial loading was
maintained at 1500N anHe head was rotated internally througR #Sone second to
simulate a traumatic event and obtain enoealistic mechanical properties of the
proximal femur(Courtney et al., 1994 Video recording ab000 Hz(CamRecord
5000, Optronis, Kehl, Germany) and 60Hz during tri@ePro 4, GoPro, California,

USA) and CTFscanning after fracture were performed to identify fracture patterns.
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Figure 7-2 Experimental set up in the materials testing machine prior to fracture
protocol.

7.1.2.3 Statistical methods

The maximum torsional moment prior to failure of the specimen was compared
between samples. Due to the small number of specimens, no test for significance was

compued.
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7.1.3 Results

Maximum torsional moment prior to fracture in all femur pairs was greater for the

collared implant versus a collarless impléfgure7-3).

804

604

Collar

. Collarless

Collared

40

Absolute moment (Nm)

20+

1 2 3
Trial number

Figure 7-3 Comparison of maximum fracture toque between trials for each pair
of human cadaveric femora.

Collarless stems deformed the trabecular bone adjacent to the stem body during
rotational moment application until the implant enghgéh the cortex and pratted
smaller fractures of the posterior calcar. The collared implants rotated less within the
femur, until the posterior collar engaged with the cut edge of the cortex and then moved
in this position with the femur until a fracture occurf€ture 7-4). Collared stems

produced larger fractures compared to collarless steigsre7-4 andFigure 7-5).
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g o

Figure 7-4 Fracture patterns from still views of 60Hz video footage on the first

frame where the fracture is visible.Both the collared stem (left) and collarless stem
(right) are undergoing internal rotation away from the centre of the Figure. A gap
betwea the implant and trabecular bone is most pronounced on adjacent to the anterior
surface of the collarless stem (red arrow) versus the collared stem (green arrow),
suggesting larger amounts of relative movement between the collarless stem and
femur.
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Collared Corail Collarless Corail

Pre fracture CT scan (axial cuts
at level of calcar demonstrating
stem position

Post fracture CT scan (axial cuts
at level of calcar demonstrating

fracture pattern

Volume reconstructions demonstrating

overall fracture pattern (Anterior
view on left image and posterior view on

right image)

Figure 7-5 CT scans of the cadaveric femoral trialsNote: Left images are from a
femur in the collared group and right images are of a femur form the collarless group.
Top images represent axial sections atl¢vel of the calcar cut after preparation of
the femoral cavity around a polymer implant. Middle images are axial sections
following fracture at the level of the calcar cut. Bottom images are volume
reconstructions demonstrating the overall fracture patter
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7.1.4 Discussion

Biomechanical testing produced a mixture of oblique and spiral fracture pattéras
proximal femoral cortexwhich matcledearly invivo periprosthetic fracture patterns
and wassimilar to those reported in the literat@omov et al., 201, 7Taunton et al.,
2015 and those described @hapter6. This study confirmed thaOPFFwith a

collarless stem occurs with less force tharotrerwise identical collared stem

Cortical bone is anisotropic and strongest when loaded in compréskinaali et 4.,

2016 Osterhoff et al., 2006 A medial calcar collar has been shown to increase the
fracture load during axiand rotationaloads using quastatic method¢Demey et

al., 201). During rotational injury at more realistic rates of loading the collar can load
the calcar in compression increasing thedaequired for a fracture. When the calcar
collar is positioned flat on a neck cut which is 45 degrees to the stem body, the calcar
collar will act like a screw thread and cause the stem to move out of the femoral cavity
if the stem is rotatedlhis mayhave the effect of further decreasing the load on the
trabecular bed sidethe femoral cavity. The calcar possibly acts as a cheiokwhich
prevents excessive pgsrosthetic trabecular deformation in rotational injuries and
may improve the resistanae trabecular deformation after high energy injuries which

do not cause cortical fracture.

These mechanisms are likely to increase the force required to cR@eFRkaround

a collared implant versus collarless implants. Since this work was coméeted
published), the results have been replicated in a much larger sample of paired cadaveric
femurs by Johnson and colleag§éshnson, A. J. et al., 20R0rheir methods were
similar and combined a combination of vertical I§aé8kg) and 45 degrees of rotation

in one second. They found that the peak torque to fractaseswgnificantly greater

(median difference of 29Nm) for collared versus collarless stems in matched femora.
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This work significantly increases the likelihood that there is a real difference between

the behaviours of collarless and collared stems duringlated early\POPFFE

7.1.4.1 Limitations

Paired femorawere usedto match biomechanical trials on likely confounders.
Simulation of the soft tissues or other possible fracture mechanisms should also be
investigated to allow comparisonraore realistian vivojoint forces. The findings of

the biomechanical study are limited by small numbers and that only one implant design
investigated. It still needs to be shown that thaltesan be generaéd to other stem
designs, even so this seems reasonable, since seevell effect can be explained
biomechanically. Despite the overwhelming evidence that calcar collar causes an
increase in the force required to fractuttee effect of calcar contact on the force
required to fracture was ndpecifically measuck Furtherstudy is required to
demonstrate that calcar contact is the exact mechanism by which this process is

enacted.

7.1.4.2 Conclusions

This studydemonstrated that the force required to cause a simulatedP€2iRllyFis
greater when a collared cementless femoral staimsedThese resultalso suggested

a plausible biomechanical mechanism via which a calcar collar reduced the risk of
earlyPOPFFE which will need validation with further testing. Given the predicted rise

in POPFRatesthe use of a medial calcar coltany help to improve future cementless

stem survival by reducing the risk of ealQ®PFF
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7.2 Comparison of Rotational Periprosthetic Fracture of the Femur
in Composite Osteoporotic Femur versus Human Cadaveric

Specimens: A Validation Study.

7.2.1 Introduction

Biomechanical studies use a range of methodology with the choice of specimen largely
between compositéGinsel et al., 201;5Morishima et al., 2014Klasan et al., 2019
Jones, C. et al., 201and cadaveriéemurs(Harris et al., 2010Johnson, A. J. et al.,
2020 Rupprecht et al., 20)1The majority of studies, regiess of specimen choice

use fracture loadgaxial load or torque) at the moment of fracture as the primary

outcome(Jakubowitz and Seeger, 2015

Cadavericsamples can offer realistic fit, loading and fracture patterns but these
benefits are offset by the large betwesample variation which occurs when testing
groups of cadaveric specimeasd the associated complexities associated with tissue
handling, stomge and ethical regulatiqdakubowitz and Seeger, 2Q01¥ariability

can be overcome using pairwise comparison of results in bilateral femur pairs
(Johnson, A. J. et al., 20R(ut this limits the experiment to thestiag binomial
variables Composite femurs are a valid and highly uniform specimen choice when
comparing whole bone composite femurs to whole bone cadaveric specimens
(Jakubowitz and Seeger, 2Q16ardner et al., 20)0and do not require ethical
approval or specialised handling and storage techniques to use effeétsrahgsult,

they form the basis of nth experimental testingy/alidation has largely focused on

the mechanical properties of the complete femuriarde field of POPFFelies on

a single study comparing composite femur models to a single cadaveric femur trial

(Jones, C. et al., 2015
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The aim of this study wat® compare irvitro results ofPOPFFsimulated methods
using composite femur specimens to results using cadaveric specimens utilising

identical loading protocoldescribed in Section 7.1

7.2.2 Methods

To assess the validity of a composite femur model, results from tests using fresh frozen
femur speanens were compared to results from tests using an osteoporotic femur
composite modellhe methods and testing of specimens from the fresh frozen cadaver

trials are describeth section 7.1.2

7.2.2.1 Specimen preparation

7.2.2.1.1 Cadaveric specimens

This study was perfornaein accordance with local ethical guidelines and regulations
of Hamburg University School of Medicine and the University of Leeds. Preparation
was been describedsection 7.2.2or femurs which were tested in pairs. To maximise
sample size and use ofegious resources, this study includes all femurs which were
tested and excluded from the stuiBscribed in section 7ldecause one of the pairs

failed or was unsuitable for testing.

7.2.2.1.2 Composite femur preparation

Composite femurgOsteoporotic femur, SawBes, WA) contained 10 PCF lew
density cancellous, thin walled leglensity cortical shell, overall length 45.5 cm, and

16 mm hollow canalSawBones, 2020 Osteoporotic femur” modehre intended to
mimic the specific biomechanical properties of @steoporotic femur and were
selected since they were likely to more closely match those in the cadaveric testing
group. Preoperative implant size selection and neck cut to recreate patopeoffset

and leg length was planned using proprietary softyii®AX Orthopaedic Tools,

Agfa Healthcare) following plain anteroposterior radiographs with a 25mm diameter
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scaling ball. Femurs wereprepared and implanted according tormaf act ur er ¢

guidance to minimis variability using the methods described ih2

After preparation, distal femoral resection was performed so that 40mm of specimen
remained between the stem tip and the distal fixaBpecimens were fixed into steel
pots using a rapidetting resin fixativgcadaveric femurs: polymethylmethacrylate
and composite femurs: G&B Epoxy Acrylate Resin, G&B Fissaggi, UK) in an
identical alignment to those in the cadaveric group. Femurs were implanted with an
appropriately sized fully coated centless femoral stem with and without a medial
calcar collar(Corail, DePuy Synthes, Leeds UK) in accordance with manufacturer
guidelines and underwent visual inspecti@omposite femurs) or CTcadaveric

specimens) to screen for intraoperative fractures.

7.2.2.2 Experimental setup

The test set up was adapted from previous metfiddsgshima et al., 2014andthe

exactdetails were described hl.2

For composite femora tests, the potted specimen was secured distally into a clamp
which was securetb the base of the materials testing machine and the specimen
position was adjusted in two planes to ensure precise positioning. SimR@EeF

were conducted using an identical loading regimen in a material testing machine
(cadaveric femurs: MTS 858.Eden Prairie, MN, USA and composite femurs:
ElectroPuls E10000, Instron, USA). In composite femur trials rotation was applied to
the femoral head using a custom clamp that additionally ensured that the rotation axes

was aligned to the femoral ax@3gure7-6Figure7-7).
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Figure 7-6 Experimental set up for simulated POPFF testing using a composite
“osteoporotic” femur.

Fracturetorque and rotational displacement were measured and torsional stiffness
(rotary displacement divided by torque) and rotational work prior to fracture were
estimated(area under rotatory displacement torque curve). Fractures types were
described and werdassified according to the UQBuncan and Haddad, 20/1dnd

each trial was recorded to establish fracture mechanism using video camera equipment
(cadaveic GoPro 4, GoPro, California, USA and composite femurs used GoPro Hero

8, GoPro, California, USA).





































































































































































