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Abstract

Optimal implant placement iRrimary Total Hip Arthroplasty (THARImS to restore
physiological hip function ThreeDimensional Computedomography(3D-CT) and
PatientSpecific Instrumentation (PSE6an guideimplant positioningin THA. Desite
growing evidence of preferable resuttsmpared to conventionsgmplating these tools
remain underuseth clinical practice.This thesisaimedto assess the rolgd 8D-CT
planning andPSlin terms offemoral stemmplantationthroughpre- and postoperative

3D-CT image analysis primary THA.

3D-CT planningaccurately predictethe femoral stemsize (96% within one sizeand
femoral offsets in uncemented THAPredicting Prosthetic Femoral Version (PFV)
provedto bethe unmet neediven the limited surgicalcontrol of uncemented femoral
stens to avoid aninsufficient or retroverted PF\associated witiTHA instability. An

insufficient PFV (<8) wasreported in 20% of the femoral stems.

The malleable naturef cement in cemented fixatiavffers increased contrahnd can
avoid delivering a insufficientPFV. All casesn acemented THAJroup were anteverted
more than5°. However, both uncemented and cemeniédiA reported highPFV

variability, indicatingthe need to develdpSlto guide PFV.

First, the accuracyof a PSI osteotomy guideas evaluatedby aligningpre- and post
operative 3BCT reconstructessteotomy leved to quantify th& relative discrepancy
proving that plannedneck osteotomyvas deliveredvithin the clinically accepted 5mm

in 96% of cases

Finally, apilot study was conducted to evaluate whethétSd guide engineered to
indicate the angle at which the stem was positioned-ogesatively can achieve the
target range of PF\Rostoperative CT measuremersisggesteds efficacyin achieving

a lower variability of PFV, when compared to the fguided THA.



Thesefindings will inform that planning softwarecannotpredict PFV in uncemented

THA andhighlightthe potential oPSlin delivering the intended PFv cemented THA.



Impact Statement

Over700.000 primaryTHAs have been performad the United Kingdom (UK) between
2012 and 2020, according the National Joint Registry (NJR) of the JK]. Projections
based on the current data indicate a significant inc{@gs&hile the high cost associated
with this surgical procedure and hospgation necessitates the need for improvement of

current approachds].

Recently,3D preoperative planning and 3printed PSI, have been developed to guide
the implant selection and positionirigespitegrowing evidence th&D-CT planning is

more accurate thamaditionaltemplating, it has not beaxtensivelyadopted4].

The findings of this resear@mphasie the usefulnes®f 3D-CT planning in predicting
thefemoralcomponensize and=Oin primary uncemented THA hisinformationcould

aid thewidespread adoption of 30T planning in the orthopaedic field since it has the
potential to reduce the implant inventory and facilitate a safer sutbewsygh the
minimisation of untoward eventsué to incorrect implant size and positi@iven that
the implant is thecostliestcomponent of a THAS], it may also result in a more

economical clinical praate.

Clearly explainingthe caveats of thiprocedurewill make issue$roadlyknown The
results highlight the risk of delivering an insuffici&V using conventional uncemented
femoral stems. Tk understandingcould equip surgeons with the knowledge that
available commercial software canm#liver the optimal PF\And may result in minc

more appised endeavours that could solve this issue.

The findings suggest that cemented fixation offers greatstrol of PFV than
uncemented fixationConsideringhatanadequateéPFV is crucial for a biomechanically

stable hip joint[6], [7], surgeons may considersing acollarless, doubkapered,



polished,cemented femoral steto deliver a more clinically accepte®FV for their

patients.

The incorporationof 3D-printed PSI guideso facilitate optimal femoral component
positioning was considered necessdry.this regard,the clinical validation of an
osteotomyPSlguide could reassure orthopaedic surgeons abousé#ielnessf this tool

in delivering the planned osteotoragd ad its widespread uséhis would substantially
benefit patients, givethatfemoral neck osteotomgan affect théeglengthand femoral

stem positiorafter surgery8]i [10].

The concept ofPSI was adopted to guide PFV in primary cemented THAwer
variability of PFV was reported when the guide was used compared to thguidieal

THA group. This informationcould result in the adoption &Slto accurately position

the femoral stem, especially when compared to the highly accurate but remarkably
expensiveroboticassisted surgerjl1]. As a result, the management of THA patients
could benefit from a potentially improved clinical outcome due to optimal implant

orientation.

Overall, this workwill make knowrthe inadequacyf commercially availabl@lanning

platformsto predicttheoptimalPFV and theeconome potentialof PSlin filling this gap
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Chapter 1 Introduction

1.1 Motivation

Being able to walk normally is important. It allows us to explore the world around us; to
be physically and mentally healthy. In the presence of trauma or disease, our skeletal
system has been recorded to provide a dynamic and highly responsive act{yatien.

often though, restoration of hip mobility apéin relief require human intervention.

Fast forward to today, angrimary Total Hip Arthroplasty THA) is among the
commonest and safest operations carried out worldwalming to restore the
physiological function of the hip joinftl2]. Recent literature stated that-39% of
patients waiting for a THA are in a heal't

helps improve the hip joint function and the overall quality of[lif&], [14].

Although a majority of patients report satisfactory pastrative clinicabutcome[15],
thereis an ongoing demanir primary andrevision THAS[16]. Worldwide, projections
on current data estimatn 134208% increase for primary and-3B7% for revision
THAs [17]i[19]. The ageing population, the extension of thesgeries to the younger
generatior(50% increase in patients <65 years ¢ld)] and the prevalence of obesity are

considered factors driving these incred443.

Costwise, THA is an economically favourable surgery with £1372 per Quality Adjusted
Life Years (QALY);way kelow the amount of £20000 thdHS decisions makers can
pay per QALY[3]. However, the stegdincrease of primary and revision surgeries
estimated t@onstitute a significant financial burden to the hospital systéons t0$5.32
billion by 2030[19]. At the same time, NHS is under financial challenga# local

authoritiesfacing cuts thavary 0.3 to42%per capita total seree expenditur¢?0].
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According to the 19 report of NJR, the most common indications for revision THA are
aseptic loosening (42%), dislocation (14.8%), pain (14.8%), infection (14.6%) and lysis
(13.6%)[1]. Elsewhere, rachanical failure is one of the main reasons for revision surgery
(36.5%) followed bymetallosis(21.4%)and dislocatior{14.6%)[21]. Adverse clinical
events are not the only bothersome aspect of primary THA. Ppatients with
radiographically stablgip implantsoften reportaninability to performdaily tasks[15].

In addtion, patient®expectations have changed over the years; performing daily tasks is
no longer sufficient and an active participatinryoga and sports is often expecigd],

[23].

In light of theabovementionedcompeting demandsne of the most important goass

to achieve longerm implant survivaland avoid adverse clinical effectsuch as
dislocation,through optimal component implantatioj24]. Human anatomyis highly
variablehowever the positioning of conventional femoral stem desigfisn impedes
the successful reconstruction of natiup biomechanic$15], [24]i [26]. The placement

of the femoral stem, in particular, varies considerably; its veniositionexceed the
clinically accepted threshold in 42% of THA patient§25], while 921% of patients
have reported a Leg Length Discrepancy (LLD) of more than 12#), [28].
Furthermore, existing litetare has reported a high variability of the version of an

uncemented femoral stem, ranging betw&3i and 72 [9], [29]i [31].

Femoral stems featuring modular necks have been proposed to effectively restore hip
biomechanicsHowever, hese components have been proved to perform poorly in a
number of material and design combinati¢d®], [33]. In addition, patientspecific
implants have been develajt® reconstruct native hip biomechanwggh high precision

[26]. However the cost of customised implantssignificantly higher(30% more)when
compared to standard dtie-shelf implantd34]. As a resultthe general populatiomas

limited access$o this advanced technologg6], [34].
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Recently, ThreeDimensional Computedomography(3D-CT) pre-operative planning
has been emerging as a more targatetipotentially cosg¢ffectiveapproacho guide the
femoral componerdelection and positiamg [4]. 3D-CT may also work as an enabler to
produce 3Bprinted bespoke surgical tools, known as Pai@peeific Instrumentation
(PSI), assising the surgeon in positioning the prosthetic components with greater

accuracy[35].

Despite early evidence supportitigg superiorityof 3D-CT over conventional practidge
primary THA it has not been widely adopted in clinical pracfide The increased
radiation exposure associated with CT, the lack of standardisation of imaging protocols
andthe complexity and learning curve of commercialiyailable planning platforms may

have restricted the adoption of DI planning in clinical pract

This research focusen assessing and improving B&-basedatientspecificplanning

of THA, using onventionalfemoral stemsThis may result in a widespread adoption of
3D-CT planning in clinical practice and potentially reduce the incidence of complications
associated with incorrect implant position and orientafldr driving force behind this
body of work has been to incorporate the advantageous papentfic approach, in a
costeffective mannerinstead of manufacturing custom hip implarf@®;CT planning

and 3D-printed PSl were proposed to improve the positioning @inventional femoral

stemsin primary THA.

This information would improve the clinical function of hip arthroplasty through a more
accurate planning of femoral stems -pperatively. Accurate preoperative planning
would result in a more accurate, safer, tina@d costeffective surgery, potentially
reducing the negative clinical effects of incorrect femoral component sizing and

malposition.
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1.2Aim

Theoverarchingaim of thisthesiswas to asseske accuracy of 3-CT planning and 3b
printed PSI interms offemoral stem component implantation in patients undergoing
primary THA due to OA through prend postoperative 3BCT computational image

analysis.

1.30bjectives

To achieve this aim, the objectives were:

To review the evidence about the prevalence ofGD planningand PSI in

primary THA

To evaluate the current 30T planning ofa straight tapered femoral stem in
primary uncemented THAn terms offemoral componentsize, position and

orientation.

To better understandthe impactof the fixation techniqueon the Prosthetic

Femoral VersionRFV) in primary THA

To evaluate the accuracy ofP&Ifemoral neck osteotomy guidesing 3DCT

image analysis

To introducea PSIPFV guide ancevaluatewhetherits intra-operative use can

result in a more acceptable range of PFV in primary cemented THA.
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1.4 Thesis Outline

This thesis consists of 7 chaptdrstially the concept of hip arthroplasty is introduced,
including current methods ¢featmentand diagnosi In this context, mdical imaging
plays a crucial role in planning a primary THw&hile advances in Artificial Intelligence
(Al) and 3DPrinting assisted the development of -8IX planning andPSl A literature
review follows, toassess the evidence about the prevalence €€ Bplanning andPSI

in primary THA.

In chapter 3, 3BCT image analysis techniqueappliedto evaluate the accuracy af
commercially availablsurgical planningoftwarein predicting thesizeandpositionof

a straighttapered femoral stem in primary uncemented THé&thermorethis chapter
aims to understand the nativeversion of the proximal femur (NFV) susefulguide

for planning and delivering PFM primary uncemented THA

Chapter 3 is followedly a subchapter that aims to understand how an uncemented straight

tapered femoral stem fits within the internal femoral canal.

Chapter 4 investigates tleéfectof the fixation method oRFV.

In Chapter 53D-CT image analysis techniques agplied toassesshe accuracy of a

PSlfemoral neck osteotomyuide.

Chapter Gintroduces a novdPSl guide designed to deliver a PFV of 20° and aims to
better understand whether its intperative use results in a PEloser to the surgical

targetin primary cemented THA.

Finally, Chapter 7outlines the key findings of this reseainid expresses them terms

of clinical relevancgincluding possible future work.
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AppendcesA andB includeinformationrelevant to the ' 5" and6™ research chapters
of this thesisAppendk C includesa list of publications and conference contributitivet

cameas a result of this research.

1.4Ethical Approval

The research chapters included in this thesis wereluctedconforming the ethical
principles of researcHRatient details were anonysad andinstitutional approval was

obtained $E16.020.
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Chapter 2 Literature Review

2.1 The Hip Joint

2.1.1Bony Anatomy

Forming the connection between the axial skeleton and the lower limbs, the hip joint bears
the weight of the huan body and offers stability during daily or athletic activi{i&&].
It is a ball and sockearticulation between the femoral head and the pelvic acetabulum

Figure 21 [36], [37].

Pelvis

Femoral
Head

Femur

Figure 2i 1: Anatomy of a normal hip joint [Reprinted from ortho. aaosorg]

The pelvic acetabulum has a cup shape formethéynnominate bonayith the ilium
contributing around 40% of its structure, the ischium contributing 40%, and the pubis
contributing the remaining 20938]. The anatomy of the pelvis varies depending on
gender and ethnic characteris{i8g]. For instance, females tend to exhibit wider pelvises

and deepeacetabulumoften attributed to the need to give bii39].

The acetabulum covers approximately @ of the femoral head, whi@pproximates

the shape of a sphere and connects to the ferhaftdlsrough theneck of the femuj40],
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[41]. The angle beteen the femoral neck and femoral shaft is known as the Neck Shaft
Angle (NSA) This angleexhibits considerable human vdiga, with an average value
between 120 and 130°, wiiCoxa Vararefers toit being below 120&nd Coxa Valga

whenthis value exceds 130° Figure 22 [41].

Figure 2i 2: From left to right examples of Normal NSA, Coxa Vara, Coxa Valga
[Reprinted from 41].

Besides NSA, the neck of the femuaisteriorly bowed antlvisted relevant to the knee
joint, Figure 23A. The latteris known adfemoral torsiof42], and it alsademamdrates

a highvariability [43] with a range of between 15 and 20° to be considered ngtdial

NFV has been reported higher in the female populdddh The NFV can be either
anteverted or retroverted, with anteversion describing a femoral neck twisted anteriorly
relevant to the knee joint, while retroversion refers to a postetimidyed necklUsually,
people with either excessive or retroverted NFV tend to have a compensatorytoe

toe-out posture, respectively, Figure3246].
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Figure 2i 3: A) Schematic representation ofan anteverted NFV and respective toe
in posture; B) Schematicrepresentation of a retroverted NFV and respective toe

out posture [Reprinted from 46]. * Denotesthe angle

Regardi ng t he,tHe®orclaséifcatibndanogimgn avay tevaluate the
bone quality ofits intramedullary canalexpressed as the relationship between the
diameer of the femoral canal at different levels considering the thickness of the cortical
cortex[47]. According to this classification, Dorr type A characterises femurs with thick
cortical bone, type B thinner cortical bone and type C desstibstantially wideanals

with significant loss of coital bone Figure 24 [47].
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TYPEA TYPE B TYPE C

Figure 2i 4: From left to right: Dorr Type A, Dorr Type B, Dorr Type C [Reprinted

from 47].

2.1.2 Cartilage and ligaments

The adjoining bony surfaces are covered witrseshoehapedarticular cartilageto
reduce friction betweethe two bony componentkiring motion The articular cartilage
includes a membrane, that produces synovial flugtifying its synovial joint definition

[41].

Various ligaments act as restricting structurastributing to the stability ahe hip joint
Figure 25. These includeéhe acetabular labrurthat runs around the acetabular riime
iliofemoral ligament the pubofemoraligament that lies inferiorlyand posteriorly to the
iliofemoral ligament the ischiofemoral ligamenposteriorly the zona orbicularjsand
finally the ligamentum teres éemoral ligamentwhich is located at the fovea capitis and

has & additionafunction;it supplies bloodo thefemoral head of thkip joint[41], [48].
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Anterior Posterior

lliofemoral

head /. Acetabulum . gament

Acetabular
labrum

Ischiofemoral
Pubofemoral ligament

Ligament of
ligament

head of femur

Figure 2i 5: Hip joint ligaments (Reprinted from teachmeanatomy.infg.

2.1.3 Hipbiomechanics

The ball and socket configuration collaboration with the 22 musclesipported by
various neurovascular structuredlows movementaround the three axes of the human

body, Figure 26 [41].

Flexion Extension Abduction
Dynamic/passive: yes
Active: VERY difficult

Internal
rotation

110:130°

20-30°

External
rotation

Figure 21 6: Movements of the hip joint[Reprinted from 49].

The loads acting on the hip joint under static conditions are often described byitesimpl
free-body diagram, where R is the joint reaction force, M the abductor muscle force and
K the weightof the human body. The joint reaction force causes a turning movement

around the femoral head centre, while ¢benbinedabductor muscles resist this motion.
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Theabductomuscle forcghatact around the femoral head aentreate a moment arm

b, known as the abductor lever arm, that significantly affects the magnitude of the force

Figure 27 [40], [41].

4

Y

<

‘Stance leg’

Figure 2i 7: Free-body diagram to estimate

‘Swing leg’

the force on the hip joint insingle leg

stance. K denotes the body weight, R the joint reaction force and M the combined

abductor muscle force[Reprinted from 41].
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2.2 Pathologies

Maintaining a healthy hip joirgnables participatiom daily tasks, leisure activities and
an overall enhanced standard of living. The presence of disease or trauma can interfere

with daily activities and deteriorate an otherwise independent way of living.

Osteoarthritis (OA) i®ne of the most common hipind disorders, anthe mosprevalent
form of joint arthritisseen in adult§50]i [53], often associated witsocioeconomic
consequencefb4]. In hip OA, thearticular cartilagewithin the hip jointdegenerates
Figure 28. As a result, the mechanical stability of the hip joint deterioydéasling to

restrictions in mobility50].

/ Pelvis \

4

Damaged
cartilage

N Femur /

Normal hip joint Hip joint with arthritis

Figure 2i 8: Mor phological differences between a normal and an arthritic hip joint
(Reprinted from hopkinsmedicine.org).

Abnormal hip joint morphology, such as increased anteversion of the femoral neck, has
been associated witihe development of hip Of65]. Other risk factors include age,

gender, obesity, genetics, physical activity and nutrit@i.

Reports on the prevalence of hip OA waignificantly in terms of ethnic and racial

characteristics and depend on the applied diagnostic cr[fja For instance, the
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prevalence rate of OA in African American rural populatieasfound to be 10%57],

compared with $% in Caucasian®8] and nearly 1% in Asian ethniciti§s9].

Another hp joint disease is Rheumatoid Arthritis (RAhe mset ofRA usually affects
multiple joints, with the hip joint being affecteditially in 15% of all patients with RA
and progressively in 28% a few years |1§68]. Various risk factorflavebeenassociated
with RA. Familial associations, female gend8t6% in women compared to 1.7% in
men) [61] and theexposure to smoking have been reported to be the stroé@gst

Worldwide, the prevalence rate of RA is estimatetdd0.24%[63].

Although bony deformities associated with OA charastetine older populatiof64],
severe morphological abnormalities such as the Developmental Dysplasia dip
(DDH) commonly affect infant§65]. Radiographic abnormalities of the hip joint have
been reported in 5% of newborfB5]. Interestimgly, only 1.3 per 100@asesreport
persistent abnormal hip morpholof§6]. Risk factors of DDH include breech position,

female sex and first gestatif#b].

Hip fractures including the acetabulum and the proximal fepate not uncommorMore

than 250.000 hip fracturesccurin the United States each yd#i7]. These concern
mostly the elderly, withite mortality rate at 1 yeaaryingfrom 14% to 36%67]. Factors
associated with the risk of hip fracture include demographic characteristics, osteoporosis,

medication, medical history and lifgyle [68].
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2.3 Treatment

The most commo symptom in hip joint pathologies is pain. Prescribed medication is
often the firstline treatment to alleviate pain and discom{&@]. Non-pharmacologic
treatments includexercise, weight reduction and dietary char{gé [70]. Physical
therapy is an option to strengthen the muscles and enhance hip m@i@i]ityOther
strategies include transcutaneous electrical nerve stimulation and temperature extremes
to relievethepain[69]. Appropriate footwear with shoekbsorbing abilities and assistive

devices may also sdvisedn additionto the core treatmef@9], [70].

When nonrinvasive treatments cannot sufficiently relie@ymptoms surgery is
considered imperativg69]. One example of a minimally invasive operation is
arthroscopy; a procedure whettee surgeon caaccess the hip joint with speckgdd
arthroscopic instrumentation to remove loose tissue and d&ttisHip resurfacing is
anotherconservative optiagnparticularly suitable for activgoungmen where the head
of the femur is surgically modified to insert a metal fembesld[72]. Finally, THA is
usually the surgical treatment vaen patients with previously mentioned hip joint

pathologies experiengeersistingpain and functional limitatiof69].
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2.4 The Hip Arthroplasty

The main goal of primary THA is to relieve pain and eventually restore the normal hip

function[15]. Over 3.1 million of primaryTHAs have been performed in Europe since
the midtwentieth century[73]. Growing levels of obesitythe prevalence of OA
associated with an ageing populatj@8], [74] and the increase in sporslated injuries
[75] are expected tcausea greater demand for future arthroplasty surgeissmations
based on current trends in the UK, indicate a significarease in primary THA2],
with the cost per procedure being up to 7.0J8]£ Outside Europe, the United States
(USA) report an expansion of primary THAby 2030) [16], while the Australian
healthcare syst expects a rise of 208% (2013 to 2030), and an overatifoostr 5.32

billion Australian dollarg19]. (Figure 29)

50.000 = 95.877 Primary THA(2035)
7.000£/ Surgery (National Health Service)

208% Rise Of Primary
THAs (2030)

Figure 2i 9: Infographics illustrating demand of THA.

2.41 Early recordings

Even though hip joint pathologies have been evident in ancient ske]@BnE/6], the

earliest recordings of surgical interventiosing prosthetic componerg® back a little
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more than one centufy7]. Initial attempts(during the 18" century)included surgical
excision of the femoral head revolutionarynethodat the timecompared to the most

common approach of amputatif#8].

Anthony Whiteof theWestminster HospitaLondon UK (1821),was the firsto perform
it on a 9yearold patient suffering from tuberculodig8], [79]. A few years laterJohn
Rhea Bartonfrom Lancaster, PA, USA1826) performedhe first intertrochanteric
correctiveosteotomyon an ankylosed hjpvhichresuledin a patient walking with a cane

[80].

Later, surgeons startesinghumanor animal tissuesandwood blocksto fill the space
betweenOA articulating hip surface$l12], [78]. Leopold Ollier of the H6telDieu
hospital Lyon, Francg1885)wasthe firstto performan interposition arthroplastysing
adipose tissua aseptic jointg80], [81]. Neverthelessthis approach wasnsuccessful,

considering the absence of fixationthe surrounding tissu¢80].

The first recorded hip arthroplasty was performed by Professor Themistoclesit@iack
Berlin, Germany(1891) Instead of femoral excisiar natural tissuesheusedanivory-
madeprosthesis to replace the femoral h§&2]. Ivory is a durable material that can be
easily crafted, potentially explaining its use floe first designs of hip prosthesi$g83].

A breakthrough cameuding the early years of the 2@enturywhenglass wadirstly
usedby Marius SmithPetersen from BostorMA, USA (1925) to create a hollow
prosthesis to fit over the femoral head and provide a smooth interface for igajon
Glass, however, although biocompatible, could not withstand the forces experienced in

the hip joint[77].

For this reason, Marius SmitPetersenalong with Philip Wiles from LondgnUK
(1938), consideretrialling stainless stedb create the firsMetalon-Metal (M-on-M)

THA prosthesis fixated to the bomath screws known as the Wiles hip replacemen
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[77], [85]. From a design perspective, this approach included the replacement of both the

acetabulum and the femoral head with metallic parts articulated todeithee 210.

Figure 21 10: The Wiles hip replacemat [Reprinted from 85].
Later, bnger stems wera@esignedto extend downwards from thefemoral head
potentially facilitatingtheir insertion into the femoral careadd enabhg a betteranchor
such as the Thomson sterfl950) [78]. Further modificationsincluded amodified
Thomson sterfeaturing a fenestrated femoral stem to allow bone ingrowth, known as the

Moore stem(1952) a design even used nowadays to treat fractérigare 211[86].

Figure 2i 11: The Moore stem Reprinted from Auxein.com).
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By the midtwentieth centuryM-on-M implantswerethe regular choice for higurgeries
[12]. Cobaltchromium (CoCr) was the predominant mate}@al], while noveldesigns

of long femoral sterawith narrow femoral neck diamessmerged One representative
exampleof suchan MoM prosthesiss the McKeeFarrar prosthesjsncludinga modified
Thomson stenn Figure 212 (1953) Despite the reported goadirvival rate of 74% at
28 yeard88], this methodost popularity due to the undesirable local effects of metallic

particles[12], [87].

Figure 212 The McKeeFarrar hip prosthesis (Reprinted from

americanhistory.si.edu)

It was Sir John Charnleyearly 1960spf the Manchester Royal Infirmary, Manchester,
UK, thatset the foundations for modern hip prosthdsgsntroducing thedeaof low

friction arthroplasty of the hig-igure 213. First, the incorporation olPolyethyleng(PE),

asa plasticmaterialwith low coefficient of frictionin the acetabular cup implant, aimed

to replicate the motion seen in the natural joint. Second, Charnley advocated the
combination of a PE acetabular cwjih a single metallic femoral component (femoral

head and stem together), fixated to the bone with acrylic cement to achieve a rigid fixation
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and avoidundesirabla@wisting. The final modification was toombine a largacetabular

cup witha small femortheadto optimise thefriction between thédoneimplant and
implantimplant interfaceq412], [77], [89] [91]. Long-term clinical studies, reporting
81%[92] and 775% [93] survivorship at 25/ear followup, came to reassurehCar nl ey 6 s

idea and establish THA as the orthopaedic operation of the cébRlry

John Chamley

Figure 2i 13: Low friction arthroplasty: The Charnley hip prosthesis (Reprinted

from [89], [90]).

However,the adoption of PE, although revolutionary for the time, was associated with
osteolysis the resorptionof bonedue to wear debrig/7]. At the same timeM-on-M
implants incorporated a potential risk of increased metal ion levedsociated with
carcinogenic effectf’7]. Ceramicimplants were first introduced in 1977 by the French
surgeon Boutin to overcome these concerns due to their hydrophilic and iner{f#ture
[78], [94], [95] However, these implantgereexpensive and associated with a high risk

of fracture, leading many surgeons against their adoptiin
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The various conplications of material, design and fixation configurations adopted
throughout historyed toongoing research and development around the achievement of

along-lasting prostheas that ha contributed to the current state of modern THA.

2.42 The modern approach

Prosthetic Components

Modern THA consists of 4 components; 1. Acetabular Cup; 2. Acetabular liner; 3.
Femoral HeatBall; 4. Femoral stem, Figure-24. During the operation, the swegn
removes the femoral head and part of the femoral neck (femoral neck osteotomy) using
an oscillating saw96]. The acetabular cup is inserted within the reamed acetabulum,
which hosts the liner. The intramebiuly canal of the proximal femur is prepared to insert
the femoral stem. The liner is then articulated with the artificial head and the femoral stem

[97].

Acetabular Cup /4 /Acelt:abularlLIi{nerdB "
) : a)/ emoral Head/Ba

Femoral Stem

Figure 2i 14: Prosthesis in modernTHA [Reprinted from 98].

Fixationmethod& design configurations

Cemented

Charnl ey, not onl y i nftrriocdtuicoendd thhiep naortti horr

popularised the implant fixation using bone cemg§i®]. Although the idea of
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cement ati on g oteematdria composition dhexam@rdntantleremains

the sam¢l12]. Contrastingly, bone preparation and implemented techniques have changed
dramaically [12]. At first, cement wasisedwithout pressure re#ing in poor penetration

into the trabecular borj@2], [99]. Later,surgeonsadopted the approadi cleaning and
preparationof the endosteal spadmforepressurised insertioof the cement material

[100].

The cemented design of t he racdti aomwl ari pc ua
has only changedubtly [12]. Interestingly, analysis of the Norwegian arthroplasty
register hasrevealedthe superiority of the Charnley cemented cup over the current

Hydroxyapatite (HA)coated unemented acetabular ps[101].

As far as the femoral stem is concerned, thmegor designs exiqtLl2]; 1. A polished
tapered femoral stem, known as foeaesed design, Figure 25a; 2. A compositdeam
or shapeclosed design, Figure I5b; 3. A femoral stem design with an additional taper
(triple-tapered) from lateral to medial to improve calcar loading, knowthea€-stem,

Figure 215c.

2] [¢]

Figure 2i 15: a) A taper-slip cemented femoral stem desigrsuch as the Exeter stem

(Stryker Corp., Kalamazoo, Michigan, USA); b) A shapeclosed femoral stem
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design such as the Spectron hip systerf&mith & Nephew, London, UK); c) A C-

stem, such as the Gstem AMT (Depuy, Warsaw, Indiana, USA)

Long-term clinical studies have reported nearly excellent survivorship for each of the
above mentioned cemented femoral stg0]i [104]. This understanding led Spitztr

al. (2006)to charactese cemented fixation as the advised choice in patients undergoing

THA [105].

Uncemented

Modern cemented hip arthroplasty has reported good clinical outcome. However,
appaent osteolysis has accompanied the early implantation using cemented components
[12], [106] Consequently, the focus of researchers moved to the development of

uncemented femoral andetabular componenf$2].

The overarching goal was to aete initial stability through direct contact of the bone
and implant, known as osseointegratid]. Titanium (Ti) was adopted, due to its
desirable mechanical and biological proper{i#87]. PorousTi coatings and rough
surfaces weresedto enhance bone ingrowth within the acetabular imgle2lt Figure

2-16.
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Figure 2i16. Acetabular cup with porous and rough surface to enhance
osseointegration Reprinted from 108].

Primary fixation result from pressfit implantation of the acetabular cup, whilst the
presence of screwsnablesfurther attachmenf{l2]. However, sirvivorship of early
implanteduncemented a&tabular cpshas been showto bepoor; predominant fibrous
tissue formation instead of osseointegrativas apparentat the bonemplant interface
[12], [109] SolutionsincludeincorporatingHA coatingsto facilitate tissue regeneration

[12], [110]

Concerning the femoral stem, the material initially used t@ld@ uncemented designs
made of cobalthromium alloys. However, due to the undesirable sshidding and

thigh pain associated with differences in stiffness between native bone and implant, Ti
and HAcoated designs were later widely adopted to eliteitfzesg111]. Incorporated
porosity and roughness ved in shape and locatiomnd this dictateé where the stem is

in contact with bonegsulting invariousdesgnswith distinct contact mechanisrisl 2].

This broad range of designs and theaze of a reported unified classification system
make the overview and categorisation of all designs challengi)]. So far, there is

only one classification system on the femoral stem shape, suggested by Khanuja et al.
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(2011)[112] and further updated by Kheir et al. (20pM)4]. In this classification system
seven man designs ofuncementedemoral stemsexist 1. Short; 2.Singletaperedor
singlewedge 3. Dual taperor doublewedge 4. Gradually tapered; 5. Diaphyseal

engaging; 6. Modular; 7. AnatomiEigure 217[114].

Short stems were introduced to achieve primary fixation most proxifddHy}. Their
development was a result of the recent surgical preference for a metaphyseal fixation and
the questioning of whether to keep the distal part of the femoral[4tE8h Short and
mid-term clinical studies so far, have reportemhtcoversial results; although good
implantsurvivorship has been demonstrgtetb]i [119], malalignment and fracture have

been significantly pparen{120]. The authors have attributed the issue to the unorthodox
rasping system associated with short femoral stems. In contrast with conventional femoral
stems that include rasps systems that aim straight ttothe femoral canal, shestem

rasping systems aim for initial contact at the lateral cortex. As the tip of the rasp is in
contact with the lateral cortex, this may lead to a more valgus position of the femoral stem

and, consequently, undesirable maainent.

Singletapered femoral stemieing flat in the anterigposterior planend wide medio
laterally, enableexcellent rotational stability and achieve the-salled threepoint
fixation [114]. Excellent implant survivorship, ranging fror-98%, withrevisionas the

endpoint at a maximum oB3/ears, has been repord@1]i [123].
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Figure 2i 17: a) From left to right, the Birmingham Mid -Head Resection (BMHR,Smith & Nephew, London, UK), the Mayo stem (Zimmer

Biomet, Warsaw, Indiana, USA), the Proxima stem (Depuy, Warsaw, Indiana, USA), the SMF hip systd@mith & Nephew, London, UK); b)
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From left to right, the Taperloc stem (Zimmer Biomet,Warsaw, Indiana, USA), the Acolade hip system (Stryke€orp., Kalamazoqg
Michigan, USA); c) From left to right, the Synergy stem(Smith & Nephew, London, UK); the Echo BiMetric stem (Zimmer Biomet, Warsaw,
Indiana, USA), the Summit hip system (Depuy, Warsaw, Indiana, USA}Y) From left to right, the Zweymidiller stem (Zimmer Biomet,
Warsaw, Indiana, USA), the CLS stem (Zimmer BiometWarsaw, Indiana, USA); e) From left to right, the Wagner SL Revision hip (Zimmer
Biomet, Warsaw, Indiana, USA), the Echelon stenfSmith & Nephew, London, UK); f) From left to right, the S-ROM (Depuy, Warsaw,
Indiana, USA), the Arcos modular femoral revision system (Zimmer BiomefWarsaw, Indiana, USA); g) Anatomic stem[Reprinted from

124]
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The strength of these studies was the {targ follow-up, accounting for the increased
incidence of loosening in the thirdr fourth-decade posimplantation[121]. Limitations
included the retrospective nature of the sample sele¢fionever, despite the excellent
long-term implant survivorshigl21]i[123], early migration and poor initial fixation

were also apparent in shaerm follow-ups[125].

Doubletapered compared tahe singlewedgedstems, taper also in the medateral

plane toachieve bone contatioth in the medialateral and anterigposterior planes
reportingexcellentimplant survival rates so f§86-100% at 5-20 years)[126], [127]

This particular ype of femoral stem design, has been designed to be thicker in the
anteriorposterior plane to fill the whole space of the femoral metaphyseal region,

justifying t-hieliri A8t apimg seal

Graduallytapered stems, as the name indisattaper in several planes to achieve a
smooth and gradual, instead of an abrupt, taper within the femoral tThaglresence of
proximal ribs aims to enhance the stability against rotdtidd]. Longterm implant
survival rates with aseptic revision as the end point ranged between 98% to 100% at 15

20 yearq4128], [129]

Diaphysealengaging femoral stems are pref@lewhen proximal bone loss is apparent
andproximalfixation ischallenging so fixation across the femoral diaphysis is preferable
[114]. Although, excellent longerm implant survival rates have been reported with
aseptic loosening as the end point, thisipaldr type of stem is associated with stress

shielding and thigh pain due to its fixation across the distal fEM3I.

The modular femoral stems, allow for intvperative adjustment, to achieve an optimal
component position and orientatighl4]. This can be achieved since the modular

systemshave been designed &dlow intraoperative assembly of separate components
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of wvarious confi gur at i Typically, modular femoralsterqp at i €
designs argreferred for complex casfkl4]. Disadvantages include undesiralolenical

effects, like corrosion and local tissue reactjdf], [33], [130] This incidence of
corrosion does not concern the implaone interfaces across the intramedullary canal

but the modular interfaces. The reciprocatingiorobetween the different assemblies

and the space at the junction, when enough, enables the aqueous solution to enter, leading

to fretting corrosion32].

Finally, anatomic designseredeveloped to resemble the anterior bow of the proximal
femur[114] and achieve optimal fiandfill in the metaphyseal regiofi31]. There are
limited studies on anatomic femoral stem desigapprting mixed clinical outcomes so

far [114]. While initial long-term prospective studs have reported a high complication
rate concerning loosening and osteolysis, and an incidence of severe thigh pain at
maximum of 11 years[132], [133] later studies have reported that revision and
complications rates did not differ betweeratomic and nomnatomic system3he latter
compared shoitype anatomic and neamnatomic femoral stems, potentially explaining

the difference between the reported outcomes of these sL8igs
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UncementedersusCementedip arthroplasty

The main difference between uncemented and cemented fixation, is that in cemented
fixation, the cement functions as an interlocking fit between the trabecular bone and the
implant, whilst uncemented fixation relies on the tight pfass the femoral stem into

the femoral canaFigure 218[135].

Cememeq

i€, Bone
i

Figure 2i 18 lllustration of the A) cemented and B) uncemented fixations
[Reprinted from 136].

Although there has been an increasimgnd toward uncemented hip arthroplasty,
cemented fixation has demonstrated the highest survivorship, with aseptic loosening as
the endpoinfl37]. However, a detailed analysis of data revealed a lower revision rate in
younger patients (<65 years) with uncemented fixdti8i]. Althoughexisting literature

does not specifthe cause, tlower revision rate in uncemented Tidfay bedueto the

icement indemerged SHXoupled with the demands of this age gr{iLgv].

According to the Dutch Arthroplasty Register, cemented and hybrid THAs (cemented
femoral stem)[1] have reported 40% lower revision rates for other reasons when
compared to uncemented THAE38]. In terms of periprsthetic fracture, uncemented
fixation has been associated wathigher risk of revision when compared to the cemented

fixation [139]. As far as the dislocation is concerned, a lower rate was reported in the
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cemented THAvhen compared to the uncemented THAO]. However, most of these
studies do not specify prostheses brands to conclude the contribution of different

cemented femoral stems designghi® outcomes.

Additionally, these repored percentagesely on specificreasons resulting in revision
after primary THA the incidence of which is dependent uplstinct national registry

data reflecting different tendencies among various popukafidie most often reported
reason for revision is mechanical failure. The revision rate due to dislocation and fracture
has been reported 14.6% and 10.4%, respecti2élyNJR reports as the most common
indications forevision THA aseptic loosening (42%), dislocation (14.8%), pain (14.8%),
infection (14.6%) and lysis (13.69%d)]. In the USA, dislocation is the primary cause of
revision (22%)[141], where in Sweden aseptic loogsgy reaches up tGd0% as the

primary cause for revisioji42].

Surgical Approach

The modern approach to hip arthroplasty includes various surgical procedures, depending
on the location of the initial incision surgeons make to access the hip bost
commonly the procedure is performed via a posterior, antesidateral approacfi43].

It has been reported that surgeons should be careful with complications associated with
certain surgical approaches, such as periprosthetic fractures through the anterior approach
or dislacation through the posterior approdth4]. However, existingdjiteraturedoes not
reportany difference irthe risk of complicationssuch as dislocation or periprosthetic
fracture[144]i [146], or in the quality of life[147]. In addition, no studies have reported

any association with the type of the implafiachsurgical approacls associated with
distinct characteristics, and surgeons are encouraged to choose whichever suits their

experience andith whichthey are most faitiar [145].
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2.5 Diagnosisi Imaging modalities

Advanced progress in medical phydit48] allowed surgeons and radiologists to visually
assessip joint pathologie$149]. Various imaging modalities are available for thorough
examination of thenip joint [149], [150] guidance for surgical preparati¢tbl] and

postoperative evaluation of the prosthetic hip jqiB2).

Conventional radiograph constitatine first imaging modalitgver used150] and for
many, remairs the gold standard in the diagnosis of pipblemsecause it is considered

a simple methadology and the cheapest among various imaging modalitss, [154]

A plain Anteoposterior (AP) radiograph is the standard procedure to detect hip joint
pathologiessuch as OAFigure 219 [149], [152] A radiographic procedure includes
ionising radiation (Xray beam) pssing through the human body and areX detector

to eventually project the shadows of the internal bony structuresrao-®imensional

(2D) film [154]. Existing literature haseported it has a high spatial obstion to detect

slight alterations in the joint space widflb5].

Figure 2i19: Plain AP radiograph showing end stage of OA of the right hip

(Reprinted from complexhipsurgery.com).
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However, poper focus distance and position of theay beam are essential to count for
magnification issueg149]. Improper radiographic imaging, results in altered joint
morphology[149] , which could potentiallymisguide the preparation for hip surgery.
Although plain radiography can detect most hip pathologies, it encounters limitations in

visualising problems like bone injuries and soft tissue darfidd].

Conventional radiographs are flat igegs and their 2D natureay not allow a detailed
examination of the hip joint anatonfyor instance, a conventionalrdy only enables an
approximation of the internal femoral morphology, making it inadequate in theticele

of t h-£i fi b e @ ib6pAltrough conventional radiographyffige in visualising
thehip joint structure, it does not allow an accurate estimation of the bone mineral density

[157].

Important anatomical and prosthetic variables, such as the acetabular and femoral
arteversion, cannot be defined on plain radiogrdfid9], [158] Multiple views of the
acetabular walls are necessary to define the acetantiersion[149]. Similarly, the
measurement of femoral version needs the definition ofPdsterior Condylar Axis

(PCA), which is not included in conventional radiograpt#9].

When a more comprehensive assessment is neceS3ag/commonly equippefl50].

CT has an excellent spatial resolution of0.6mm in the Zaxis, and 0.5mm in the other

two axeq159]. Using a higher amount of radiation and amay tube that moves across
thehuman body, it enables the production of multiple images of the targeted bsgan

The superiority of CT scans lies in the more realistic representation of the human anatomy
due to the 3D nature of the proceelland the absence of magnification issjiésl],

[160]. CT enables segmentation of bony anatomies with accuracies under 0.5mm,

allowing a 3D renderingof surface models for further processifig1]. Existing
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scientific evidence have reported that important anatomical measurements taken on CT

are more accurate than conventioaliograph$156], [162]

The detailed anatomical representation that CT offers is obstructed by the presence of
metallic components, known as the metal artefd62]. Physical effects causing metal
artefacts include photon starvation and beam hard¢h8®). In photon starvationhe

way metals absorb energy is amplified comparatdsurrounding soft tissy&ue to its

high atomic numbgl63]. This phenomenon resultsdiark shadows around the implant

due to the high attenuation of metallic structii€4]. As a resultdatais projected with

a highstatistical errgrand dark streaks typically appear across the direction of highest

attenuation, known as streaking artifa@gure 220a) [165]i [167].

Beam lardeningstems fronthe polychromatic xay beam that conventional CT scanners
use[163]. Beam hardening can result in either streaking or shading/cupping artifacts
[168]. In the case of shading/cupping artifacts, beam hardening occurs more towards the
centre of a uniform cylindricalbject than through the edges due to the higher thickness

it has to penetratd 69]. The result is that grey values vary from high to low towards the
interior of the scanned sample, not reliably reflecting fitraed grey values ofa

homogenous materifl68].

Not only do these biased grey values make visualisation and analysis of bony morphology
troublesome, but they can also leachtanaccurate segmentatigh64]. The reason is

that the segmentation step typically ugessholdingf grey-levelvalues to cut out bone

or metal[170], and the final reconstructiomay reflect bias in these valuetue to
artefacts In this regard, posbperative evaluation of hip prosthesis has not performed

well [152].
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Fortunately, valuable technical advancements, saghtheMetal Artefact Reduction

(MAR) algorithmsand the duaénergy CT procedurgbave improved the quality of pest

operative CT scans, Figure2®b [150].

Figure 2i 20: a) Metal artifact obstructs the accurate visualisation of the femoral
implant in an axial CT scan, b) Implementation of the MAR algorithm enables a

clearer representation of the hip prosthesis.

The concept behind MAR algorithms is that projected data with high bias are first
distinguished and then processed to estimatedhesponding corrected valugis63].
Various types oMAR algorithmsexist, but the most common is the sinogram inpainting
method, using forward projectiofi71]. The process of forward projection aims to
artificially calculatetheoriginal CT scanérawdata[172]. This isoftendone by creating

a sinogram, which is a simple 2D visualisation of these projedtlgrzg.

The algorithmic process of MAR can be summarisetbur steos 1. The original CT

scanis processed using intensity thresholding (Hounsfield Unit threshold) methods to
distinguishwhat looks like metal; ZT'he original CT scan artiesegmented metal pilse

are algorithmically forward-projected to generatevo separatesinograns. Nonzero

inputs in the metal sinogram forms the metal trace. The metal trace defines the pixels of

the original CT scan sinogram that needs to be repldtesepixels arereplaed with
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interpolaed or averagedlatabased orthe neighbouring pixels4. The final processed
sinogram isbackprojectedto form the correct CT sca®. The process is iteratively
performed to achieveonvergencekigure 221 [163], [171] Another option to eliminate
metal artefad is Dualenergy CT scannerthat enable the formation of Virtual
Monochromatic Spectral (VM$)73]; images depicting how the scanned material would
appear if the Xray source included photons of a singteergy[163]. This information

results in improved image quality when beam hardening is apgairdjt

Original image
Original projection

Forward
projection

Segmented metal

Corrected image
(preliminary)

Modified projection
Back
projection
€

Figure 2i 21 lllustration of the steps included in a projectionbased MAR algorithm

Metal trace in projection
Forward
projection :

uonejodie)

[Reprinted from 163].

CT-based imaging modalities aatsoassociated with theoncern of increased radiation

dose. Recent scientific endeavours, have been focussing on the development of scanning
protocols to further reduce the radiation dose without comprising imaging accuracy
[174]i [178]. However, quantifying the benefit of CT scanning protocols at the expense

of radiation dosesichallenging. A conventional lorigg radiograph is associated with an
effective radiation dose of 0.7m$W79]. In contrast, a CT scan of the peli@sassociated

with an effective radiation dose of 20m$MB0], whichinvolvesa 0.05% probability for

carcinogenic effectd 81]. At the same time, reconstructing anatomical variables like the
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centre of the hip is ofigh importance tensure a satisfactory functional outcome for
THA patients[182], and CT has been reported as more accurate than conventional

radiographs in measuring thg4&6], [162]

Another imaging modality that has been recently emergin§ingle Photon Emission
ComputedTomography combined with CT (SPELIT) [152], [183] A SPECT is a

nuclear imaging method that captures the distribution of a radioactive tracer, injected into
the bloodstream and transferred to the tissue of interest, using specialised cameras.
enables the illustration ohetabolic information that other imaging modalities do not
allow [184]. The concept behind SPECT/CT is to cangbthis functional information
provided by the SPECT with the higlsolution structural information given by the CT

to enable a more detailed regional assessment of causes of pain or structures that may

have appeared subtle or ngpecific in other imagig modalities, Figure-22 [183].

Figure 2i 22: lllustration of combined SPECT/CT images of referred hip joint pain
The fusion of SPECT with CT enables the identification of causes of pain or
structures that may have appeared insufficiently in CT scans alonéeft images)

such as a) impingement between the femur and acetabulum; b) a femoral benign one
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lesion; c) stress fracture across the diaphyseal femoral canal due to the chronic use

of bisphosphonates; d) necrosis of the femoral hed®eprinted from 183].

Magnetic Resonance Imaging, known as MRA rsonionsing imaging modkty that is
commonly equipped to analyticallgdetect pseudotumors associated with -df-M
implants Figure 223 [150]. In addition, MRI is often employed taalytically assess

soft tissues and muscleshile is considered the gold standard in assessing the articular

cartilage[149], [152]

Figure 21 23: MRI scan of the right hip prosthesis illustrating a Pseudotumor

(Reprinted from complexhipsurgery.com).

MRI makes use of powerful magnets that force protons in the human body to align with
their magnetic field185]. When radio waves stimulate the protons of targeted organs,
MRI sensors can detect these stimulations and convert them in a 3D image of the internal
body structure§l54]. MRI is susceptible to metal afacts[152]. As in CT scandyletal
Artefact Reduction Sequea (MARS)>MRI algorithms and advanced algorithmic
procedures are employed to eliminat&facts[152]. Another limitation of MRI is that

bone segmentation @hallenging While in CT the contrast between bone and tissue is

excdlent, the low proton density of bgpranatomiesesults in insufficient signals using
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conventional MRI sequencd486]. In addition, the spatial resolution ofiost MRI
sequences has been reported inferior to CT, varying between 1 and 2mm. However, this

is considered adequate for most clinical applicatj@B8].

Finally, ultrasound may not serve an important role in the first line of visual examination
of the hip joint, but is preferred to identify pgniosthetic fluids and soft tissue damage

in patients with OA149], [150]

Theabovementionednodalitiesconstitutepart of the preparation forldHA. X-rays may
suffice in detecting most hip joint pathologiat a low radiation dose and c&50],
contibutingto theirwide adoption irhospitalsdespitethe limitations oD visualisation
[4]. CT and MR| on the other handffer a more detailed representation. CT offeatter
delineation of the cortical and cancellous xjd87] and allows a 3D reconstruction of
bony anatomy161] atthe expense of radiation do§k74]. MRI is preferable when soft
tissue evaluation is needed because bone is depictemasliatinguishablesntity [186].
These however, are associated witirtefacts requiring advancedalgorithms [166].
Finally, hybrid imaging constitutes a valuabieethodto analyse the metabolic function

of the hip joint in association with iteometry[184].
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2.6 Planning a hip arthroplasty

The modern approach to THA relies on the use of advanced imaging techniques for both
diagnosis and treatmeit]. Surgens have been encouraged to equip the previously
mentioned imaging modalities to decide on the surgical equipment and prosthetic
component$188], [189] Preoperative planning is an important step for elective THA

[4], [190], [191] Its technicaboalsinclude

Selectionof the optimalacetabular cup and femor@mponerd sizein advance
[160], [189], [190], [192][197].

Optimising implant positionorientationand fit [160], [188], [190], [192], [195]
[197].

Reconstruction ofnative Femoral Offsets (FQ)correction of Leg Length

Discrepancies (LLDpand restoration o€entreof Rotation (®R) [153], [160],

[188], [190], [192] [195], [198]

Definition of femoral neck osteotomy leVidl99].

Preparatiorfor intra-operative complicationd.88], [193], [196] [198], [200]
Shorterng of operative timg¢195], [197]

Minimising theimplant inventoryand the cost associated withlif2].

Achieving these can eventually lead to (1) a more accurate surgical progddsR]reith
(2) reduced i fip2 rasnlting id a marev(8) mastnd timeeffective

surgery{4], [192].
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2.6.1Early evdution1 Acetate templating

Initially, acetate templating on analogue films has been the traditional way of planning a
primary THA[201]. Transparent templates including drawingsafiousacetabular cup

sizes,are placed on plain AP radiograplsgure 224 [190]. The size that best fits the

acetabulum is selected and appropriately placed over the radig@€@ph

Figure 21 24: Conventional analogue templating of acetabular cupReprinted from

190]

Appropriate radiographic landmarking, such as a horizontal reference line through the
pelvic teardrps guides theorientation of the acetabular guipigure 225 [191], [200}

The goal is to achieve 40° bfclination(INC); the angle between the horizontal reference
line and the line across theup rim [191]. The correspondingacetabularCoR is
consequently marked to facilitate the selection of the femoral [2&4]. However,
delivering an INC of 40while trying to reconstruct the CoR may have been challenging
using conventional Xays; the CoR is a 3D entitpptentially requiringmultiple views

of the acetabular walls to be defined.

83



) -
' S Horizontal baseline

Figure 2i 25: a) Appropriate landmarks are indicated on the plain radiographs; b)

The cup template is placed over to fit the marked pointgReprinted from 200].

Selection of the femoral stemimsto achievea sufficient fixation withinthe femoral
canal(Figure 226) [200]. Adjustment of the position of tHfemoral templatdollows, to
achieve leg length equslig and restoration of the native FZDO0]. Finally, the analogue
film allows the marking of the desired femoral neck osteotomy and te:ndes from the

Lesser Trochanter (LT), FigureZb[191].

The percentage of the acetabular cup and femoral stem components implanted with a size
that matched the one decided upon duringgmerative planning ranged betweeri 20

90% and 40%02%, respectively (Table-2). The fixation methodhe different designs

of the implantsu s ed, t he s ur ge o mdicatiorefar puegerynayrhave , an

contributed to this broad range of prediction rates.

Studies conceing the restoration of dimensional characteristics such as CoR, LLD, and
FO wae limited (n=2)[191], [202] Eggli et al. 1998 have reported a mean difference
(achieveeplanned CoR) o0f2.5 £ 1.1mm Craniocaudally (CC) and-4.4 £ 2.1 mm
Medidaterally (ML) [191]. Della Valle et al. (2005) have reported that 91% of the
femoral stems had a distance within 5mm relative to the planned2D@R Leg length

equalisation within 3mm was reported in 89% of the cEX#3).
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Figure 2i 26: Analogue templating of femoral stenf Reprinted from 190].

Table 2-1 : Accuracy of acetate templating in predicting component size

Indication N Uncem. Match (%)
Reference for surgery /Cement.
Cup Stem
Knight (1992) [188] § OA/RA/AVN 110 Uncem. 62 42/78
/Cement.
Carter (1995)[189] AVN 74 Uncem. NA 47
Eggli (1998)[191] OA 100 Uncem. 90 92
/Cement.
Valle (2008)[202] OA 64 Cement. 51 69
Kosashvili (20M®) OA 18 Uncem. 3358 6574
[190]
lorio (2009) [193] NA 250 NA 78** T7**
Gamble (2010)[198] OA 40 Uncem. 20 40
OA, osteoarthritisRA, Rheumatoid ArthritisAVN, AvascularNecrosis;NA, not available/ not

applicable;Uncem., UncementedCement, Cemented*Match (%): Percentage of prosthetic
compaents implanted with a size that matdhthe one decided wp preoperative planning

** These percentages correspond to prediction ratibeéwi size.



2.6.2Progression to the digitalised erRigital Templating

The progressionfrom analogue to digital templatingesulted in the development of
software programsspecialised irthe processof medical imaging datéX-ray9 in the

format of Picture Archiving Communication System (PACSyure 227 [201].

Figure 2i 27. Pre-Operative digital templating using TraumaCAD software. The

imaging data (X-rays) are imported in the format of PACS[Reprinted from 203].

Digital templating offers a library of templates including a broad range of implant types
and sizeg201], [204] Theoperatorcanvirtually place the prostheticomporentsover

the digital radiographand adjust their positioand orientatiort o f i t thipe pat

anatomy, Figure-28 [190], [203]

The planning criteria remain the same as in the acetate temgteidjg The difference
lies in the digital environment, which enables skentautomaticneasuring of essential
pre-operative variables, such as the acetabular inclination, the femoral neck osteotomy

level, FO and LLD, Figure-28 [204].
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Figure 21 28: The templates of the chosen prosthesis is overlaid over the digital
radiographs to fitthe pate nt 6 s dReprintedritgm 204].

Table 22 includes studies documenting the prediction rate of the acetabular cup and
femoral stem sizes using atual overlay of the implant on digital conventional AP or
lateral Xrays. These reported that 1% of the acetabular cups and-8%®% of the
femoral stemsimplanted with a size that matched the one decided upeopamative
planning.Studiescomparing the accuracy of acetate and digital templating in terms of

components size have reported controversial results, Ted]&9D], [193], [198], [202]

In detail, Kosashvili et al. (2009) have reported no significant difference in the
performance of the two technologi@®0], lorio et al. (2009) haveoncluded that digital
planning is acceptably safe but not more accurate than analogue temi@8hdpella

Valle et. al. (2008) have found more predictable results using analogpkateg[202],

while Gamble et. al. (2010) have highlighted that digital templasngore beneficial

than analogue templatirj@98]. In this context, it is unclear ghifting to the digitalised
tenplating significantly improve the prediction rate of component sizings far as the
clinical outcome is concerned, there were no studies documenting whether digitised or

analogue templatingaveresuledin a more improved clinical outcome after a THA.
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Table 2-2: Accuracy of digital templating in predicting component size

Indication N Uncem. Match (%) *
Reference for /Cement.
surgery

Cup Stem

Davila (2006)[205] NA 36 NA 39 19
Kosashvili (20®) [190] OA 18 Uncem. 19-84 41-83

Valle (20(8) [202] OA 64 Cement. 25 58
Wedemeyer (2007)204] § AVN/ OA 40 Uncem. 40 37.5
lorio (2007)[193] NA 50 NA 60** 74**

Steinberg (2010)203] OA 73 Uncem. 51 47

Gamble (2010)198] OA 40 Uncem. 38 35

Holzer (2019) [206] OA 632 Uncem. 37 42

NA, not available/ not applicahleOA, Osteoarthritis;AVN, avascular necrosistJncem.,
UncementedCement, Cemented

* Match (%): Percentage of prosthetic components implanted with a size thateohidtelone
decided upon preperative planningt* These percentages correspond to prediction rates within
1 size.

Table 2-3: Comparison between acetate and digital templating in predicting the

component size

Reference Acetate Digital P value
Cup Stem  Cup Stem Cup Stem
Kosashvili (20() [190] 3358 6574 1984 41-83 0.37 0.37-
0.62 1.00
Valle (2008)[202] 51 69 25 58 0.01 0.39
lorio (2009) [193] 78* 77 60* 74* 0.09 0.11
Gamble (2010)[198] 20 40 38 35 0.084 0.644

*These percentages correspond to prediction rates within 1 size.

* Numbers represenepcentage of prosthetic components implanted with a size that match the

one decided upon pi@emtive planning.
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2.6.3 A step forward 3D preoperative planning

The2Dnat ure of digital radi ographs do not
anatomy, resulting in the incorrect measurement of essential dimensional characteristics
[160]. CT - scanning produces a sequence of ceestional imagesslices- depicting

the targeted anatomy in a more detailed %3], [154] Innovation in informatics may

have made feasible the transformation of@D slices to3D models representing the
patientspecific bony anatomy. This offered surgeons and engineers more references to
plan a surgery, leadingn ithe development of various commercially available 3D pre

operative planning softwaf&51].
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2.7 3D Preoperative Planning

2.7.1 The workflow

Figure2-29 illustrates the workflow behind the concept of 3D-pperative planning

=] S
v

Segmentation
3D Reconstruction

\4

L Surgical Planning

Selection of implants and
definition of anatomical variables

v

‘ Surgical Procedure

3D
Printing

Figure 2i 29: Typical procedure of 3D pre-operative planning.

The steps included in the workflow of 3D goperative planning are:

1. Medical Imaging The process typically begins with medical imaging sucb@s

MRI or Low Dose Biplanar Radiograph#cluding crosssectional images of the
patientds anat omy.

2. Image segmentation and 3DI reconstructionimaging data (Digital Imaging

and Communications in Medicifi2ICOM) of patients are subsequently imported

in planning softwar@07], wher e 3D reconstruction o
place[4]. The result is a 3D digital Thipres
step includesssg ment ati on of t hefrop the Sureoundidgs b o

tissues through intensity thresholding tooksther automatically obased on a

userdefined HU rang¢161]. Limited studies havdocumented which programs
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they use for the segmentation/&LX reconstruction step their 3D preoperative
planning softwarg¢208].

3. Landmarks selectionThe user selects specific bony landmarks, necessary to

define preoperative planning variablgd], [197], [208], [209] Once landmarks
acquisition is finishedthe software automaticallgomputethe relevant axes,
planes and planning metrip§, [197], [208], [209]

4. Implant selection The operator selects from available implant databases and

virtually position the 3D model $#4, 0f t|
[207]. At this step, the operator defines the implant size, position and orientation
thatmostly fist he pati eatéder dinmag omyg tehcedd]sur ge
[207].

5. PSt 3D-reconstructed bony models may also work as an enabler to produce 3D
printed model s of ASh [35], e[A08]s Gustomsech t 0 my
instrumentation and replica plastic models of the bones and implants are being
developed for intrapperative use Surgeonscanvisualize the planned surgery
juxtaposed with the pati entsgsimpamtat om
placemen{35]. 3D printingand PSI may thereforebe valuablestepsto further

assist the surgery, though not always implemented.

2.72 The digital environment

3D preoperative planning is executed through spesgdliprogramghat help surgeon
positioning and orientating the i mplants

Figure 230[207].
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Figure 2i 30: lllustration of Hip 3D (mediCAD, HecTec GmbH) planning software
combing orthogonal views of the human body together with the 3D representation

of the bones and the implant.
Source. Image Courtesy of mediCAD, HecTec GmbH, Altdorf, Germany.

Table 24 includescurrentcommercially available 3D planning softwai®o far, no
studies have compared these programs to identify any benefits or limitations with each.
However, differencesn specific characteristicexist For instance, there is planning
software using bplana X-rays (hipEOS)[210]. Other programs incorporate robots
(MAKO planning, Stryker]211] or PSI (MyHip, Corin OPS[R08], [212] Additionally,

some planning platforms require specific CT scanning protocols to ensure good spatial

accuracy[208].

Mostplatformspredominantly equip CT as the imaging modality to visusiep at i ent 0 :
anatomy Table 24. CT, however, is a 3D image modality, and the-oeetury evolution
of the implant design may have lied in the early use of acetate templating, which included

2D transparent templates of designs and sizes. Advances in technm@ggave made
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possible the isual 3D representation of implant designs that current software platforms
incorporate.Implant databases, which vary amongst software, include 3D models of
acetabular and femoral compone[®67]; there are software, which are either tightly
cooperating with one implant manufacty2®8], [209] or others incorporating a larger

library of implantg197], [213]

Table 2-4: Commercially available 3D Preoperative planning software.

Manufacturer Modality
Software
HIP-PLAN Symbios CT
hipEOS EOS Imaging LDB Radiography
ZedHip LEXI Co., Ltd CT
HipOp-Plan Rizzoli Orthopaedic Institute CT
MyHip Medacta International CT
MAKO Planning Stryker CT
Kyocera 3D-Template Kyocera Medical CT
modiCAS Plan modiCAS CT
MediCAD Hip 3D MediCAD HecTec CT
Mimics Materialise CT
Corin OPS Corin Group Radiograph & CT

CT, computed tomography; LDB ledose biplanar.

The user can visualize the spatightion between the implant and the host bone in three
different windows, which represent the three different planes of the human body, Figure
2-31[196], [207] Combining three 2D view planes with a view representing the-three
dimensional anatomy of the patient, has been proven the most accurate way of depicting

3D preoperative planning in a softwaf214].
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Figure 2i 31 lllustration of ZedHip (LEXI Co., Ltd) planning software combining

orthogonal views of the human body together with the 3Depresentation of the

bones and the implant.

Source. Image courtesy of Image courtesy of LEXI Co., Ltd, Tokyo, Japan.

2.7.3 Segmentation and surface reconstruction steps

Commercially available planning platforms use segmentation and surface reconstruction
tools to generate a 3D r ephemeskerasolatiooithen o f
reconstruction stepasnotbeenspecified in previous studies documenting theai 8-

CT planning softwareHowever, the segmentation and surface reconstructims sre

two basic concepts of image analysis, potentially contributing to variability in terms of

outcome.

Review of different studies assessing the segmentation step, revealed an accuracy of
between 0.2 to 0.5mm for the manual segmentation and betw@&eto(.6mm for the
segmentation based on global thresholditffl]. Regardingthe 3BD-CT reconstruction
step, existing scientific evidence has reported a mean deviation error between 0.3 and

0.55mm compared to ground truth bony digitizat[@d5], [216] In addition, ntra
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laboratory analysis of seven research grounqusuding various experts, revealed a mean
deviation error ofesstha®d . 8 mm i n g e n e rmodelbasey ot 3BCE datae mu r ¢

[217].

Elsewhere, 3Eprinted bony models based on -8 reconstruction as compared with
cadaver so mondeetalbrectnstructiorepraddcibitity of 0.3mnj218], and

the mean error of generating 3D surface models of the proximal femur has been reported
half the voxel sizef the CT scarj219]. Concerning other ingang modalities, suchs

MRI, previous studies have documented a mean error of approximately 1mm and 0.56mm
compared to 3D scans and ground truéispectivel\j216], [220] Finally, translating dry

bone measurements to surface rendered models has reported high repeatability and
reproducibility (Intraclass Coefficient>0.972; 95% reliability) and a mean differehce

less than 1mnR221].

2.74 Planningstepsand criteria

Anatomical Landmarks

Once 3D reconstruction tfiep at i ent 6 s anat onexgstepistodebinmp | et
appropriate anatomical landmark. Most commonly anatomical landmarks on the
acetabular side includde acetabular CoRthe Anterior edge of théubic Tubercles

(APT) and theAnterior Superior lliac Spines (ASIS) Figure 232 and Table 5 [4],

[222]

Femoral anatomical landmarks usually inclutke intramedullary canatentre,the
medial and lateral posterior condylése medial and lateral epicondylése cente of the
femoral head, the femoral neckntre andtheLT, Figure 232 and Table 5 [4], [153],

[213], [223]
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Table 2-5: Landmarks and calculated parameters during 3D planning

Calculated
Bone Region Landmarks Relevant Axes Relevant Planes Parameters Surgeon's Inpu
Acetabular
Inclination
Pelvis _ Pubic Tgberc_:les _ T Anterior Pelvic Plane Cup Inclination
Acetabulum Anterior Superior lliac Spines (APP) Acetabu!ar
(ASIS) Anteversion
Cup Anteversion
Acetabular CoR
Femoral Head Centre Mechanical Axis Implant Type
Femoral Neck CentfBase Femoral Neck Axis Native Femoral <t it size
Medial Posterior Condyle  Posterior Condylar Axis Anteversion Plane Version & Prosthetic
Fermnur Lateral Posterior Condyle (PCA) Femoral Version
Medial Epicondyle . : NSA/CCD
Transepicondylar Axis

Lateral Epicondyle
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Intramedullary
Canal Centre

Figure 2i 32 Definition of useful anatomical landmarks based on 3D reconstructed

bony models to obtain corresponding axes and planes

Acquisition of anatomical landmarks is a process where the operatorigeiktiable

points using surfaeeendering models corresponding to anatomical referefbes step

is laborious and can induce subjectivity between the measurements of the same or
different users potentially impacting the measuring accuracy during-operative
surgical planning224]. However, Aandmarks definition using Clhased femoral models

have reported high accura@ndexcellent intraandinter-observer variability. In detail,

the mean variability in defining the femoral head ceand the posterior condyles has
been reported less than 1mm. Also, the mean angular deviation in computing the
mechanical axisf the femur anthe PCA have beemeported, 0.0%.08°and0.480.99°,

respectivel)j225].

After the user indicates all the necessary anatomical landmahks software
automatically defines various planes and axewortant to guide the position and
orientation of the component§able 25 [4], [222]. For instance, @ropriate acetabular

angles can be pcisely measured using established coordinate systems, such as the
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Anterior Pelvic Plane (APH226]. In addition, theNative FemoralVersion(NFV) i the
rotation of the femoral neck relevant to the posterior femoral epicondgiebedefined

on the anteversion planelevant to théCAand using the mechanical axis of the femur
Figure 232 [4], [42]. Finally, the midpoint of the LT is used to define the depth of the

femoral stem and neck cut plaidé3], [209] (Table 25)

Acetabular Cup

Selection of the sup size is based on the AP diameter of the acetamdwaocording to

t he s ur g £22h\When gositipning the cup, the goals should be to restore the
acetabudr CoR, prevent cup excess towards the anterior wall and achi¢M€ amgle

of 40° and anAnteversion(AV) angle of 20; Figure 233a[4], [227]. This follows the
mostcited fisafe zoné of acetabularcup positiming as defined byLewinnek et al.
(1978)to avoid dislocation in primary THAighlightingthat acetabular cigpmplanted
outside the range o4t 10° for cup inclination and 15 + 10° for cup anteversion reported

an increased dislocation rd228].

Femoral Stem

The size of the femoral stem is determinveaen the bonémplant contact area in the
proximal femur is maxinged, using the three CTviewsnd accor ding to
input [197]. Statistical atlases dahe boneimplant interface, based on alreamyde
surgical plans, can be incorporatetbiBD preoperative planning to automatically define

the distance between the stem and the femoral dode¢herefore generate the surgical

plan of the femoral steif229].
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Figure 2i 33: Planning criteria of the a) acetabular cup agles, b) femoral stem

alignment and c) PFV.

Stem positioningvithin the proximal femurs achievedthroughaligning the stemaxis

with the femoralanatomical axigsagittal, coronal)Figure 233b [229]. To define the

depth of the femoral stem within the femtire user marks the distance between the LT
and the intended osteotomy plgdB8], [153] Restoration of the nativeertical FO and

leg lengthrelevant to the contralateral side constitute two additional criteria in guiding
the vertical position of the femoral st¢&80]. Concerning the horizontal position of the
femoral components, the surgeon can decide the size of the femoral stem and femoral
head to adjust thédorizontal Femoral Offset (HFQ)aiming to restore the native

horizontal F(4], [230].

Prosthetic Femoral VersioRPEV) i the angle between the stem neck axis and the PCA

is another measurement necessary to ensure optimal end position of tHé]stem
contrast with the orientation of the acetabular cup, where the recommended optimal
positioning habeen well established by previous literature, little has been written on the
recommended optimalogitioning for the PFJ231]. Most planning software use NFV

to plan PRV, Figure 233c [230], [232] The rationale relies on the hypothesis that
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uncemented femoral stems, designed for a tight pitdesation into the internal femoral
canal, are predetermined byeth canal 6s geometry, i mpl yi

replicates the NF\233].

During the planning phase, the operditait selectanatomicalandmarkso n 't he pat i
femurto measure NFVThese areisuallythe medial and lateral posterior knee condyles,

the medial and lateral epicondylake femoral headentre, and the femoral neck
centrédbaseor the most posterior point of the femdd, [42], [234] After landmark
acquisition, the software automatically camgs the necessary axes and planes to
measure NF\[4], [42]. These araisuallythe femoral neck axis (the line between the
femoral head and neck cerbvasg, the axis across théne connecting the medial and
lateral posterior condyles, and the anteversion plane (the plane normal to the mechanical
or the anatomicadxis of the femuy [4], [42], [234]. The operator then selects the most
appropriate femoral stem size and virtually positions the femoral stem within t883D
reconstructed modlef the proximal femur to either replicate the NFV or plan a specific

PFV using the axes and planes defined during the previous step.

It should be noted, dwever,that NFV in adults with normal hip anatomy has been
reported to vary highly, ranging frord5° to 34°[43]. Therefore, following exclusively

the NFV may result in high variabiliiy thePFV, ranging from retroversion to excessive
anteversionf235]. Existing scientiic evidencehave reported a significantly increased
torsional moment, posterior head migration and later progressive posterior movement in
femoral stems of low PFV, suggesting that stems should be placed over 20° @] PFV
[236], [237] Additionally, existing literature have highlighted the associatietween

low PFV angles and dislocation in primary THA via a posterior appr{&ih [238].
However, bngterm clinical studiesire needetb confirm this information and establish

objective criteridor the optimal range for PFV.
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Kinematic Simulation

Some software include an additional step of kinematic simulatioRdage Of Motion
(RoM) of the planned hi§208], [239] using motion databasg208] and collision
detection algorithmg196], to identify the possibility of impingement during daily

activities[208], [239] Figure 234.

1. IMPLANT POSITION

+" VALIDATION

Figure 2i 34: lllustration of hipEOS (EOS, EOS Imaging) planning software,

which incorporates RoM simulation to detect the possibility of impingement.

Source. Image Courtesy of EOS imaging SA, Paris, France.
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2.75PSI

The 3D environment of surgical planning softwakows for planning component
position and orientatioraccording to a standard frameworkngineersequip this
informationto design patierspecific guidesthe secalled PSI[35]. Once the generic
design of the PSI is determined is, then personalised for each patient in terms of size,
position and fitting. Personalisation is usuallgeantautomatic process constrained by
designated planes and axes defined dusimgyical planningand specific anatomical
landmarks (e.g., specific anchoring points on the bprajided by the usefThe final
step includes subtraction of the patient

to achieve the personalised fittinfithe guide, Figure-35 [208].

As far as the manufacturing is concern@d;printing enables the manufacturing of any
design feature with geometrical complexities and is, therefore, used to fakheate
physicalmodelsof PSI[240]i [242]. The 3D-printed customised guidese tten sterilised

for intra-operative usé¢o facilitateoptimalimplant placemeni], [35].

bone '\¢

subtraction

“resi i 2 personalized guide

Figure 21 35: PSI adaptation pipeline using an example of a femoral guide
prototype. The design of thePSI guide is automatically scaled using variables
defined during surgical planning (e.g., specific pointsg:,2- and planesP- relevant
to the desirable position). The patient o
the 3D model of theadapted PSI usig a Boolean meslsubtraction [Reprinted

from 208].
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Sofar, there are studies documenting on the use and accuracy of PSI in different surgical
orthopaedic procedures, including kri@d3], [244] ankle[245], spine[246] and hip
surgeries[247]. However, the accuracy of PSI in hip arthroplasty has been -under
documented, and it remains unclear how much and when PSI is routinely used.
Considering the scarcity of publications on the suldgt®], [248]in comparison with

the number of hip arthroplastiescurred within ongear[1], the uptake of PSlI in primary

THA is assumingly low.

In this context, frednand implantatiomayconstitute tie regular choice. Robot&ssisted
surgeryexists and has been proven superior to the conventional technigoetaibula

cup positioning249], [250] However, although accurate, it adds operatimg and a
significantly higher cosfl1], [250]. 3D-CT surgical planning is potentiallytime- and
costeffective alternative, but previoususies have documented a high variability in
prosthetic component position (both for the acetabular cup AV and RBY), [223],
[230], [234], [251] In this regard, 3Eprinted PSlhas been developed iacrease the
accuracy of prosthetic component implantation, potentially positively impacting the

clinical outcome after a THA.

The potential of PSI in improving THA accuracy of the implant position is counteracted
by issues like radiation exposure and the extra cost compared to the conventional
technique[35]. Sakai et al. (2017) have reported that the manufacturing cost of the PS
guide per case is $4(Q252], whereas Henckel et al. (2018) have stated that PS guides
cost approximately $371 per c488]. However, thigostis significantly lower compared

to cost associated witthe roboticassisted THA[11]. Additionally, it is uncertain
whether PSI can result in an improved patient clinical response, as it is a relatively new

concept in primary THA, and loAgrm data are needed to answer this question.
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Nevertheless, ammercially availablePSI guidance systemg¢Table 26) exist that
include four designs to guide the position of the acetabulaardipyo designt perform

the femoral neck osteotoni5]. Currently, there is n®Sl guiding the PFV[35]. A
possibleexplanation may be that acetabular cup orientation has greatly received research
interest while PFV has been undevestigated231]. Additionally, quantifying PFV
requires CT scanning of the knee regjotentiallymaking it a bothersome measurement

for surgeons and technicians

Table 2-6: Commercially available PSI guidance system$35].

Trade Name Manufacturer Acetabular Femoral Planning
Guide Guide Software
Signature Hip Zimmer \%
Biomet
MyHip Medacta Vv \Y, Vv

International
Hip Plan Symbios \% V

OPS Corin Group \% Vv V

Figure 236 depicts commercialkavailable PSI in galing the acetabular cup position.
Pins or lasers guide the componpaositioning[35]. The majority of acetabular guidance
systems make use of pif&5]. ThePSlguide is placed into the acetabulum, and pins are
inserted through optimally designed groop\3%. Theguideis removed and the remained

pinsserveasa reference to position theetabular cup, Figure-26a-b [35].

104



Literature Review

a) Signature,

Zimmer Biomet ¢) Corin-OPS

.\\’
A
N b) MyHip,
G Medacta

International

Figure 2i 36. Commercially available acetabular guidance systems: a) Signature,
Zimmer Biomet [Reprinted from 35], b) MyHip, Medacta International [Reprinted

from 35], ¢) Corini OPS(Reprinted from Synopsis.com).

3D-printed patienspecific bony models are available for interative us¢35]. These
assist surgeons in visualising the patie

implanting it into the patient, Figure3 [35], [253].

The femoral neck osteotomy guides operate simil&igure 238. The guides placed
on the femoraheck junction to fit the contours of the boj#g, [248]. Pins insertion
follows to secure its positigd], [248]. The surgeon consequently cuts the femoral head

neck junction using an oscillating s, [248].
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Figure 2i 37. During the surgery a patientspecific acetabular model is used to
visualise the fitting of the guide within the acetabulum before the actual

implantation in to the patient (Reprinted from complexhipsurgery.com).

a) MyHip, Medacta
International b) Corin-OPS

Figure 2i 38 Commercially available femoral neck osteotomy guides: a) MyHip,

Medacta International [35], b) Corin-OPS (Reprinted from Synopsis.com).
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2.8 Accuracy of 3D pre-operative planning andPSl in primary THA

2.8.1 3D Preoperative Planning
Accuracy in predicting thprostheticcomponerd size

The importance of component sizimgprimary THAhas beemeportedn theliterature.
The correlation of qu ssize and dislocation risk is supported by the evid¢264).
Improper positioning of the cup also leads to eldgeling and wear complicats[255].
As far as the femoral component is concerned, undersized stems can lead to stem

subsidence, while overestimation is a cause of ioparative fracturf232].

The overalll accuracy of 3D surgical pl an
proven satisfactory followed by good intepbserver variability[213], Table 27.
Prediction rate of femoral stem and acetabular cup sizes are ranged betA86fc3nd

41-100% respectively.

Compared to conventiondigital templating which includedeither acetate templating

using transparent templates overay films oradigital overlay of components drawings

on 2D radiographs 3D preoperative planning has been proven more accurate in
predicting the component side detail, the prediction dheexact size of the acetabular

cup has been improved @2-53% and of the femorattemby 13-57% (Table 28).

However, no studies have shown if this improvement in terms of component size
prediction using 3BCT preoperative planning, contributed to a leett pati ent

functional outcome.
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Table 2-7: Accuracy of 3D pre-operative planning in predicting component size

Reference Indication N Uncem. /Cement. Match (%) Software
Cup Stem
Viceconti (20(B) [256] DDH 29 Uncem. 66 52 HipOp-Plan
Sariali (2009)[209] OA 223 Uncem. 86 94 HIP-PLAN
Sariali (2012)[153] OA 30 Uncem. 96 100 HIP-PLAN
Hassani (2014)]160] NA 50 Uncem. 94 100 HIP-PLAN
Zeng (2014)257] DDH 20 Uncem. 70 NA Mimics
Inoue (2015)[232] DDH 65 Uncem. 92 65 ZedHip
Mainard (2017) [210] OA 31 Uncem. 41 34 hipEOS
Wako (2018)[213] OA, AVN 60 Uncem. 45 43 ZedHip
Ogawa (2018]222] DDH 141 Uncem. 94 86 Stryker
Wu (2019)[251] DDH 49 Uncem. 71 NA Mimics
Knafo (2019)[192] OA 33 Uncem. 55 48 hipEOS
Schiffner (2019)[197] OA 116 Uncem. 57 59 ZedHip
Savov (2020)223] Cadavers 8 Uncem. 100 100 ModiCAS
Huo (2021)[258] * 59 Uncem. 71 76 Mimics
Ferretti (2021)[212] OA 36 Uncem. 100 97 Corin OPS

OA, osteoarthritisDDH, Developmental Dysplasia of the Hip; ON, Osteonecrosis; AS, Ankylosing Spondylitis; ietyrRitoidArthritis; NA, not available/ not

applicable Uncem, Uncemente@ement, Cemented

* Match (%): Percentage of prosthetic components implanted with a size that match the one decidedagaratiwe planning®*DDH/OA/ON/AS/RA
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Table 2-8: Comparison between 3D preoperative and conventional templating in

predicting the component size

N Conventional 3D Planning Pvalue- Pvalue
Reference :
Planning Cup - Stem
Cup Stem Cup Stem
Viceconti (2003) 29 41 35 66 52 NA NA
[256]
Sariali (2012)[153] § 30 43 43 96 100 NA NA
Schiffner (2018) f§§ 116 45 46 57 59 0.02 0.04
[197]
Huo (2021)[258] 59 41 49 71 76 NA NA

NA, not available/ not applicable

* Numbers represenepcentage of prosthetic components implanted with a size that thatch

one decided upon pi@perative planning.

Accuracy of 3D preoperative planning ipredicting the component position

Besides the prediction of the component size, dimensional characteristics such as LLD,
FO and CoR should be restoredtimimise compleatiors andachievean overall good
functionaloutcome[25], [153], [182], [188], [190], [192], [259]261]. Renkawitz et al.
(2016) have reported that a FO reconstruction error beyond 5mm results in a lower gait
walking speed and hip ROR62]. Additionally, Cassidy et al. (2012) have highlighted
that a FO reconstructioarrors of less than-5mm, resulted in deteriorateatient
ReportedOutcomeMeasures (PROMg$260]. Rosler et al. (2000) ka highlighted that

a cranialisationof the CoR results in decreased hip flexion and extension, while Sariali
et. al. (2011) have shownahthe CoR in a group of THA patients that presented

dislocation was significantly migrated medially and posterif82], [261]
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The number of studies found on the subject was limite@)(rFable 29. The absolute
average differencef the numbers reported in Table92 reflecting the discrepancy
between the planned and achieved values of leg length, offset and CoR craniocaudally

and mediolaterallywas1mm, 1mm, 2mm angdmm, respectively.

Sariali et al. (202) compared the accuracy of 3DI planning and digitalemplatingin
restoring FOand leg lengthDigital templating showed that the discrepancy between
planned and achieved Fihdleg lengthranged betweefil3 to 9 mm and-9 to 13 mm,
respectively. Contrastingly, using 3D goperative planning theespectivadiscrepanies
ranged betweest to 6 mm and-8 to 4mm, respectivelyP<0.001)153]. These findings
have highlighted that 3ITT planning is more accurate in restoring ptennedFO and

leg length in comparison with conventional 2D templgtin
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Table 2-9: Accuracy of 3D pre-operative planning in predicting dimensional characteristics associated with the component position.

Reference Indication for N Uncem. /Cement. LLD FO (mm) CoR (mm)
surgery (mm) CcC ML
Sariali (2009)[209] OA 223 Uncem. -0.30 -0.80 -0.7 -1.20
Pasquier (2010)162] OA 61 Uncem. 1.7 1.9 NA NA
Sariali (2012)[153] OA 30 Uncem. 1.80 -1.30 -1.70 0.3
Hassani (2014)160] NA 50 Uncem. 0.30 -1.40 0.2 -1
Zeng (2014)257] DDH 20 Uncem. NA NA 45 3.3
Knafo (2019)[192] OA 33 Uncem. 1.90 -0.30 NA NA
Belzunce (2020)230] OA 30 Uncem. NA 2.2 0.2 2.3
Savov (2020]223] Cadavers 8 NA NA 3.64.5 -3.7 -4.8

OA, osteoarthritis; NA, not available/ not applicable; DDH, developmental dysplasia of the hip; Uncem, Uncemented; CementedCLLD, Leg Length
Discrepancy; FO, Femoral Offset; CoR, Centre of Rotation; CC, craniocaudally; ML, mediolaterally

* Accurecy is expressed as mean differences between the achieved and planned values
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Accuracy of 3D Preoperative Planning in predicting the component orientation
Malpositioning of the acetabular cup and femoral stem can result insawonplications
including dislocatiorf255], [263] [265], impingemen{266] andimplantinstability [6],
[236]. Table2-10includes the studiesvaluatinghe difference between tlaghievedcand
plannedacetabular angleAy, AbductiorABD, INC) in primary THA using 3D pre
operative planningsoftware In detail,cupINC has been proven accurately reproducible
Contrastingly, cupAV has reported a substantial discrepang/9{ to 15°) when
compared to the surgical plan. As far the &BD is concernedgontroversial results

have been reported.

Table 2-10: Studies addressing planned and achieved acetabular angles in primary

THA using pre-operative planning.

Reference Disease N AV (Deg ABD (Deg INC (Deg
Sariali (2009)[209] OA 223 6.30 2 NA
Hassani (2014)160] NA 50 -6.90 NA -05
Zeng (2014)257] DDH 20 NA 9.7 NA
Sariali (2016)[227] OA, ON 28 -2.70 -2 NA
Savov (2020J)223] Cadavers 8 15 NA 710.10
Wu (2019)[251] DDH 49 9.8 NA 0.03

OA, OsteoarthritisNA, not available/ not applicabl®DH, DevelopmentaDysplasia of thédip;
ON, OsteonecrosisAV, Anteversion; ABDabduction; INC, Inclination

*AV, ABD, andINC anglesare expressed asmeandifferences betweeachievedand planned

values.
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Using conventional templating, tliéferences betweeplannedandachievedacetabular
AV and INC were 7 and 9 degrees, respectijé§1]. However, due to the lack of
randomised controlledstudies between 3D-CT planning (excluding PSI) and

conventional templatingit remains uncleaif 3D-CT planning is more accurate in
restoringthe plannedacetabular orientationThis information canonly be assumed

because cup AV cannot be precisely measured using plain radioftdphs

Femoral component orientation has been wstistied when compared to theetabular

cup orientationTable 211 includes all the studies evaluating the accuracy of 3D surgical
planning indeliveringthe planned PFV. These have reported the accuracy of 3D planning
as the mearft Standard Deviatioi®D) difference between the achieved and planned

PFV.

Thevariable accuracy of 3D planning in restoring the planned PFV, reported in Fable 2
11, may be attributed to the different surgical techniques (anterior, posterior, lateral) or
the designs of the femoral stems adop2&d]. Low variability of PFV has been reported

in primary THA usingmodularfemoral stendesigrs[209]. Uncemented femoral stems
featuring modular necks allow modularity of the femoral stem neck in various
configurations of PF\and potentially a more accurate intperative reconstruction of

the planned PF\Contrastingly, metaphyseal-fitl and straighttapered femoral stems
have demonstrated high variability of PH230], [234] Straightdesigns of femoral stems
follow the morphology of the internal proximal femoral catedhyving the surgeon with
limited control over the final positiof268]. No studies have addresséw role of 3D

planning software in predicting the PFV using cemented femoral stems.
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Table 2-11: Studies addressing planned and achievedFV angles in primary THA

using 3D preoperative planning.

Reference Disease N PFV (Deg)
Sariali (2009)[209] OA 223 0.8
Hassani (2014)]160] NA 50 -0.6+3
Imai (2016)[234] DDH 65 3+7
Belzunce (2020)230] OA 30 -1.5+8

OA, Osteoarthritis; ONQOsteonecrosisPFV, Prosthetic Femoral Version

* PFV anglesareexpressed asieandifferences betweeachievedandplannedvalues (Mean, +

Standard DeviatioisD).
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2.8.2PSI

Accuracy ofPSlin acetabulacup orientatiorcompared to conventional technique

Studies so far have proven the superiorityP8ftguided implantation of the acetabular
cup, when compared to the frd®nd techniqueTable 212 [253], [269], [270] The mean
discrepancies between the achieaadplannedcupINC andAV angles ranged between

1.4°to 3.9 and 0.2 to 5.2, respectively (Table-21).

For acetabular components, the safe zone for orientation is 15 + 10° of AV and 45° + 15°
of INC [228]. Using conventional instrumentatiornet percentage of cases within the
targeted range of cup A®nd INCusing manual implantationvas 5-76%, and 57%,
respectively. Using PSI, the respective percentages increased @@%ofor the cup AV,

and 100% for the cup IN{269], [270]

Accuracy ofPSlas an additional step of 30T plannng

High variability of cupAV has been reported in studies using solely 3D planning software
(see Table 20). Using 3D-CT planning only the mean discrepancy between achieved
and planned cupV ranged betweeB.6° and15° (see Table 2A0), while 50% of the
cases were within the clinically accepted range of cup[228]. PSI constitutes an
optional step during planning a primary THA amak been reported to resultardower
variability of cup AV, Table 213. Using PS| the mean discrepancy between achieved
and planned cupV rangel between 0.2° and 5.2%While 79100 of the cases were

within the clinically accepted range of cup A12], [247], [253], [269][271].

With regards to the acetabular cup IN@jdses using exclusively 3D planning have
reported63-100% of the cases within tlodinically accepted range of INf160], [223],

[251], whereas studies incorporating additional PSI tools have re@i#a0%[212],
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[247], [269], [270] In this regardno significantadvantage has been observed in terms of

cupINC when compared toup AV, Table 213.

Accuracy ofPSlin femoral neck osteotomy

Of the two commercially available femoral neck ostegtdools, only one has been
clinically evaluated[212], [248] In a total of 30 cases, 96% reported a discrepancy
between the planned and achieved osteotomy level witlimm3248], while a mean

deviation of 1.6mm from the surgical plan has been rep{].

Contribution of 3D preoperative planning anéSlIto a better clinical outcome

Although the accuracy of 3D surgical planning in predicting the component size has been
well documented, there welimited data on the contribution of this advanced technology
toalongt er m cl i nical outcome. These reportedc
if the incorporation of the thredimensional planning resulted in improved clinical results

comparedd standard practid@72], [273]
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Table 2-12: Accuracy of PSI in achieving the target with regards to cupINC and

AV angles
Reference Free-Hand PSI p value- p value-
INC AV
INC AV INC AV
Hananouchi NA 5.2** NA 3.7** NA 0.08
(2010)270]
Buller 104 14.9 1.4 5.2 0.001 0.015
(2013)[269]
Small (2014 NA 6.9 NA 0.2 NA 0.02
[253]
Shandiz NA NA 2.5% 2.5+ NA NA
(2014)[271]
Gardner NA NA 3.9+ 3.6 NA NA
(2016)[247]
Ferretti NA NA 3.9% 4.4 NA NA
(2021)[212]

INC, Inclination AV, AnteversionNA, not available/ not applicable
* AV andINC anglesareexpressed adifferences betweeachievedandplannedvalues

** These values represent the absolateandifference between thachieved and planned
orientation angles

Table 2-13: Comparison of 3D planning andPSI in achieving the targeted cup

orientation.
3D Planning PSI
INC AV INC AV
-0.51t0 0.03 -6.9t0 13 1.41t03.9 0.2t05.2

INC, Inclinationn AV, Anteversion
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With regard to thePS| no studies have assessed its contribution to a better clinical
outcome. Longerm clinical results are imperative to convince the surgeon that a more
accurate implant positioning can compensate for challenges like the technological

complexity and associated costs.
Current State

The first article proposing a framework of planning based on three planes of human
anatomy was in 2002207], after which amoderaterise was noted until 2011.
Subsequently, evidenegound the use of 3D planning was considerably higher, reaching

100 citations around 2017, Figure3Q.

Number of Citations

0 T T T I T T I I
2002 2004 2006 2008 2010 2012 2014 2016 2018

Year Of Publication

Figure 21 39: Line graph showing the growing trend of the use of 3D planning.

The first articles docunméing the prevalence &Slin primary THA werenoted a few

years later than the first publications concerning 3D planning. This is due to the fact that
PSlis a subsequence of 3D planning and 3D prinf8%j. A steady increase followed
mostly after 2012reaching 70 citations around 2QE8gure 240. The highest number

of citations for both 3D planning afBlwere reported around the same time.

118



Literature Review

100 -

80 -

60

40 -

20

Number of Citations

0 L] Ll L) H Ll Ll L L]
2002 2004 2006 2008 2010 2012 2014 2016 2018

Year of Publication

Figure 21 40: Line graph showing the growing trend of the usef PSI.

Barriersin changing practice

Although previous studies have documented the superiority @ Bbverconventional
radiographs, most hospisahcorporate 2D planning platfornié]. Incorporating 3ECT
planning as part of the clinical pipeline prior to a hip surgery would face significant
barriers. First,CT-based orthopaedic planning software is associated with increased
radiation exposurgl74]. Although recent scientifiendeavars managed to reduce the
radiation exposure at no expense of imaging qudlity4]i[178], conventional
radiographs are associated with low radiatexposure[179] and thus would be
preferable. Seconghre-operative planning software usually entaitiditional time and
cost compared to simple and ceéfiective convetional radiography150]. Finally, 3D-

CT plannng is a relatively new technique, not widely adopted in clinical praciutas
such medical personnel, sudhs radiologists, may lack experience in using this tool.
Specialsed training would be required often associated with complexiticost forhie

institution, to overcome this barrier
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2.9 Summary

3D-CT preoperative planning in THA is being recogeil as a useful tool in planning

the elective surgery, crucial to define the optimal component size, position and
orientation.| t of fers a more detailed represen:
enables surgeons and engineergpéoform surgical planningising more anatomical
landmarks.It also enables the design and fabrication R®I and physicalmodels
representingthe patentspecific bony anatomyo increase the accuracy of implant
positioning This literature reviewidentified the following g#s in the narrative of

planning a hip arthroplastysing 3Dimage analysis techniques

Research has mainly included two commelgialvailable planning software,

HIP-PLAN and Zed Hip, followed by HipEOS.

Studies documenting the accuracy of-@D planning software in predicting

dimensional characteristics associated with the component paaigitimited.

Overall, the femoral component orientation has been tindestigated when

compared to the acetabular cup component.

There were no studies addressing the role of 3D planning in primary cemented

THA.

Of the two commercially available femoral neck osteotauides, only one has

been clinicallyevaluated
There is nd®Sltool to guidethe PFV.

It is uncertain whetheBD-CT planning andPSI enhance the posiperative

clinical outcome to compensate for barriers like the increased radiation dose.

Despite growng evidence that 3T planning is more accurate than

conventional templating, it has not been widely adopted.
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Evaluating current  3D-CT
planning of a straight-tapered
femoral stem
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Chapter 3 Evaluating current 3D-CT planning of a straight-tapered

femoral stem

3.1 Introduction

3D-CT planning has recently emerged as a more targeted approach towards a primary
THA. Proper selection of the component size and restoration of anatomical parameters
constitute its technical goald]. So far, many studies have shown that it is accurate in
terms of compnent sizgsee Table Z), whilethe planning accuracy in termsfefnoral
component position and orientation has been under documeateidularly thePFV

(see Tabls 29 and2-11).

Componenpositioning aims the reconstruction of important anatomical parameters, like
the FO [24], [162]. Based on the literature review, 3DI' planning has been proven a
useful tool topredict FO. However, he number of studies found on the subject was
limited (n=6) (see Table ®). Thesemainly assessed one commercially available
software using stems featuring modular nddks3], [160], [162], [209] In this regard,

the accuracy of many commercially available softwareterms of femoral stem

component positigrparticular the FOremains understudied.

Furthermore, lanning theversion ofthe femoral stem (known as PFaf)d achieving it
is still in its infancy inprimary THA. Most 3D-CT planning systems use the native
version of the proximal femur, known as NFV, to plan Pf&Mlowing the recommended
positioning to restore the native femj@B0], [232], [233], [235], [274]The rationaldies

in the hypothesisthat uncementedtem designsdesigned for a tight presi$ into the
corticocancellous interfagéollow the internal femoral morphologymplying that this

configurationreplicatesNFV [233].
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Evaluding current 3BCT planning of a straigktepered femoral sten

Previous studiebavefocused or8D-CT planningof femoral stemdeaturing modular
necks or short fifill anatomical designs, reporting a high accuracy in terrRs-df{160],
[209], [232] However studiesusing robotic tools or Twd®imensional (2D)maging
techniqueshavedocumentedn important difference between PFV and NFV in primary
THA using conventionaktraightuncementedemoral stem desigrg33], [235], [268]
Among the arious methodshat have been incorporatedd measure version angles,
ThreeDimensional Computed Tomograpl$D-CT)-based measuremenisve been

highlighted agheequivalent to dry bone measuremggs]i [277].

In this contextthis chapter aimto concurrently evaluate the accuracyaaommercially
available3D-CT planningsoftware (MyHip Planner, Medacta International SA, Castel
San Pietro, Switzerlandh primary uncemented THA using a straigfaipered femoral
stem in terms of component siaad FO. Additionally, this chapter aimetb assess the
realworld useability of NFV as a guider planning the achieved version afstraight

taperedemoral stem(PFV)in primary uncemented THAsing 3DCT analysis

3.1.1 Motivation

Recent trends highlight a continuous increase in primary and revision [l8Ag$19],
indicatingthe need to improve current tools and approaches. As previously mentioned,
planning a THA using advanced imaging modalities, such a€Bbffers a number of
benefits for accomplishing more precise surgéfgwever, conventional radiography
remains the gld standard, and only a fraction of surgeries has incorporate@T3D

planning as part of their routifé].

Robust clinical evaluation of commercially available-@D planning platforms to
identify possible benefits and limitations is essential. Proving the agcofa@D-CT

planning would lower the reluctance of the orthopaedic field to adopt newly introduced
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methods. On the contrary, highlighting potential caveats would aid orthopaedic

companies in improving their products and focusing on the solutions to tks.issu

3.1.2 Aim

To evaluatel.. the accuracy of commercially availaldB-CT planning softwaréMyHip
Planner, Medacta International SA, Castel San Pietro, Switzerland) in predicting the final
size and horizontal and vertical FO of a straight femoral stethg2eliability of NFV

as a planning guide &FV of a straight stem in a series/8fpatients undergoingrimary
uncemented THA due to OA, usinge and postoperative3D-CT image analysis

techniques.

3.1.3 Objectives

To achieve this aim, thebjectives were:

To compare the planned and achieved component sizes.
To quantify the difference between the planned and achie@ed
To measure the NFV and PFV angles using@Dimage analysis.

To understandf the version of the proximal femur (NFV) is useful for planning

and delivering PFV by quantifying the difference between PFV and NFV.

To evaluate the clinical outcome.
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3.2 Materials and Methods

3.2.1Study Design

Figure 31 illustrates the studgesign of this chapter.

| 82 Primary THAs |

Pre-Op CT Analysis

3D Surgical Planning
44

Post-Op CT Analysis
b |\
i

¢ v

L Surgical Plan not

} i available (n=3)
| . 79 Primary THAs with the surgical plan available ! l

: ;

Pre-Op Measurements: Post-Op Measurements:
Planned Size Achieved Size
Planned VFO & HFO Achieved VFO & HFO
NFV PFV
Relationship

Figure 3i 1: Study Design

This was a case series of 74 patientsh(®® undergoing primary uncemented THlde

to OA between February 2017 and May 2021l. patientshad pre- and postoperative

CT scansPrior to the surgery, the patients underweri@Dplanning.The surgical plan

for three of them was not availablesulting in73 patients (7%ips) included in the
analysis The aim was to compare the surgical plan withableieved outcome in terms
of component size arfémoral offset@nd understand the relationship between the NFV
and PFV.The clinical outcome was also evaluat&dble 31 includes characteristics of

the study group.
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The outcome measures were:

1. Planned andchieved femoileand acetabulaztomponent size.
2. Planned and achievetFO and VFO

3. NFV andPFV angles.

Table 3-1: Study Group Characteristics

Study Group (n=79Hips)

Gender (Females) (%) 40 (51)
Age (Years) (Median, Range) 62 (3286)
Treatment Side (Right) (%) 41 (52)

3.22 Preoperative CT scanning

Prior to the surgery, all patients underwent CT scanning of the hip and knee joint using a
standardow-dosescanning protocol. Image acquisition consisted of two scans: 1. A scan
of the pelvis and the proximal femur (10cm below the LT); 2. A scan of the distal femur

including the femoral condyld4].

3.23 Processing of thpre-operativeCT scans

The imaging data are anonymsed before being sad in theDICOM format and
imported into a DICOM reconstruction software (Simpleware ScanlP, Version 2021.03;
SynopsisInc., Mountain View, USA). The CT data were then processed in Simpleware
ScanlP using bilateral filtering amatensity thresholding tools to generate 3D models of

the patients' anatomy, Figure23
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simpleware

~

/ {

\l. Imported CT
S i Simple

A\

Threshold (3

. Histogram | by Profile Iinel = CT presets

| 2. CT bone segmentation |
| using intensity thresholding |
| tools i

-10000 -5000 0 5000
Greyscales

Lower value: 200

Upper value: 51

Figure 3i2: The CT scans were saved in the DICOM format and imported into
Simpleware. Bone segmentation is followed by using intensity thresholding tools to
generate 3D models of the patierspecific anatomy. A constant threshold range
(200' 1500Hounsfield Units-HU) was selected to generate the 3DT models of the

patientds anatomy for al/l cases.

3.24 External surgical planning

Additionally, the CT scans were sent to an external, commercially available, planning
software (MyHip Planner, Medacta International SAs€hSan Pietro, Switzerland) to

define the optimal size, position, and orientation for the prosthesis.

Therole of theengineers at Medacteas to generate the surgical plarcluding the size

and position othe prosthetic components used. Their apgraacluded a selection of
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the most appropriatesize from the available database of tsizesto maximisethe
coverageof the intramedullary candly the femoral stem based on a visual inspection of
the three C'Viewsper patientForthe femoral headhey chose the most appropriate size
to achieve the desired FDhe plan was to restore the native horizontal and vertical FO
and leg length with reference to tbentralaterakide.ln addition, the surgeon aimed for

a PFV of 20°.Regardingthe acetabular component, the surgical plan aimed for an

inclinaton of 40° and an anteversion of 20° in the radiographic definitions.

The planned sizes for the acetabular and femoral components were recorded, and the
surgical plan (position of the selected
anatomy) was saved the Standard Tessellation Language (STL) forbyaMedacta

Import of these 3D models as STLs followed, overlaid on the respé&iivaeansn the

DICOM reconstruction softwar€Simpleware ScanlP, Version 2021.@3jnopsis Inc.,

Mountain View, USA).

3.25 Surgical approaglprosthetic componenendPSI

All surgeries were performed through a posterior approach by one consultant orthopaedic
surgeon, usinga hemispheric predst HA coated cup (Mpact System; Medacta
International SA, Castel San Pietro, Switzerlaad)l an uncementedtraight tapered

stem (QuadraH System; Medacta International SA, Castel San Pietro, Switzeriaitid)

a straight rectangular shape, a trapezoidal egesson, and a double tapered dista] tip
Figure 33a-b. In the surgery, Slguide was used to cut the femdnakdneck jurction

(MyHip from Medacta, see Figuf®23c).
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Figure 3i 3: (a) Acetabular cup, (b) femoral stemand (c) PSIcomponents used

during surgery (from Medacta.com).

3.26 Preoperative CT analysis

PlannedHorizontal and Vertical Femoral OffsetdKO and VFQ

The Horizontal HFO) and Vertical FO YFO) describethe horizontal and vertical
position of the femoral stem within the intramedullary cd880]. The surgical plan

(STL file), i ncl uding the planned position of
anatomywasusedto measure the planned HFO and VVFOr the measurements, only

the 3D models of the implants were used (standard tessellated file of their generic design
in the chosen size and planned position). TheC3D r econstructed mode
native anatomyyepresented by the STL model abhdsed onthe My Hi p Pl anne
segmentation (MyHip Planner, Medacta International SA, Castel San Pietro,

Switzerland) was imported into Simplewarg&Simpleware ScanlP, Version 2021.03;
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Synopsis Inc., Mountain View, USA) but was not usedinstead, the 3ECT

reconstructed models generated by Simpleware were used.

The plaaned HFO was defined as the projection of the plarieetbral head centren
the long axis of the planned femoral stdfigure 34a[230]. Figure 34b illustrates that
the planned VFO was calculated as the vertical distance between the dizmoeal
head centrand the most medial point of th& [25]. This distance was measured along

a line that was parallel to the long axis of the femoral stem.

. Surgical Plan «~—>
20mm

Bone

(@)

Figure 3i 4: A schematicillustration of the planned HFO and HFO distances.

Thefemoralhead centrevas obtained by computing the centre of a fitted sphere to the
head of the impla230l. The f emur 6s | ong axi s, known
is the line bisecting the medullargral of the femurit is clinically determined using a
ruler between the ASIS and the knee jointthe present thesishe Anatomical Axis

(AA) of the proximal femur was defined as the line connecting RRewith the
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Intercondylar Notch (IN); the centod the Transepicondylar Axis (TAyvhich is the line

connecting the most medial and lateral prominences of the epicoritigies 35 [278].

Piriformis Fossa Landmark

Intercondylar Notch Landmark

Figure 3i 5: The AA of the proximal femur; the line connecting the PF with the IN.

Since the goal of the femoratem component positioningvas to restorethe native
anatomy of the proximal femur and thus its ARe long axis of the femoral stem was
defined as the linbetween a clearly defined landmark at the top lateral area of the stem

and the IN, Figure-8.
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Landmark at the top lateral
area of the femoral stem

Figure 3i 6: The long axis of the femoral stem was defined as the line connecting the

IN with a landmark at the top lateral area of the femoral stem.
Preparation of the 3ITT model representing the proximal femur

Analysis of useful pr®perative measurements relies on the selection of appropriate
landmarks using the 3D model of the proximal femur. The femoral nyzselrated by
the CT segmentation includes various holes and cavities that make the procedure of

landmark selection burdensome. Therefore, th&C3Dmodels representing the proximal
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femur were processed by applying closing filtering in Simpleware, resuttiagsolid

representation of the patientds anat omy

Measurement of NFV

By definition, NFV is the angle betwed¢he Femoral Neck Axis (FNA) and the PCA
projected on a plane (Anteversi&V Plane) perpendicular to the Mechanical Axis (MA)
of the proximal femur; the line connecting the centre of the femoral head with the IN,

Figure 3-7 [42].
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SR | 1 7 NFV Angle

Intercondylar Notch Landmark

Figure 3i 7: Illustration of the coordinate system used to measure NFV.

The FNA is assumed to pass through the most distal-sez$®n of the femotaneck
(Point B) and theentreof the femoral head (Point A275]. To derive thecentreof the
femoral headthefemoralhead was assumed to be spherical. The user painted the whole
femoral head and sphere wasutomatically best fited (shape fitting module in

Simpleware)o extract its centrf230]. To calculate point B, the centreline of the femur
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wasderivedauomatically (Centreline module in Simpleware) and all the esessions

were calculatedicrossthe neck regionThe coordinates of the centres of the cross
sectional areas were extracted and recordedcé&ntre ofthe most distal crossection
areais defined as the centre of the femoral n€Bloint B) [275]. The PCAwasdefined

as the line connecting the most prominent points of the posterior femoral condyles (CT

based slices selectigrijigure 38 [268].

Figure 3i 8: Illustration of the method used to determine FNA and PCA.

3.2.7 Postoperative CT scaring

All patients had pospperative CT scanasf the hip and the knee region using the same

scanning protocol adopted for the scans acquired before the surgery.
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3.28 Processing of the pesperative CT scans

The postoperative CT scanwsere processed to generate the 3D models of the post
operative femoral morphology and prosthetic components (acetabular cup and femoral
stem). The scans were corrected for metal artefacts.NbDinmalised Metal Artefact
Reduction algorithm (NMAR) was implemented on the pogterative CT scans to
eliminate the metal artefact and generate 3D models of the prosthetic compbrights

[230].

3.29 Recording of the implants size and clinical evaluation

Postoperatively the sizes of the implanted prosthesis were recorded anebpesative
evaludion took placethenumber of fractures and dislocations was recorded. Oxford Hip

Score(OHS)of cases reporting complications was recorded.

3.2.10 Posbperative CT analysis

Achieved HFO and HFO

The achieved HFO was defined as the projection of the achienedtal head centren

the long axis of the reconstructed femur. The achieved VFO was defined as the vertical
distance between the achievfethoral head centrand the most medial point of thd

projected on a line parallel to the long axis of the reconstructed femur, Fi§ure 3
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20mm

Bone

Figure 3i 9: lllustration of the achieved HFO and VFO distances using the post

operative 3D-CT reconstructed models othe femoral stem.

Measurement of PFV

The definition of NFV was adopted to define the PFV; this is the angle between the axis
of the i mplantés neck apegendichla tofh®Aoffhe o] e c
reconstructed femur (femoranplant) [42]. The neck axis was defined dhe line
connecting the posiperative CoR and a clearly identified landmark at the top lateral area

of the femoral stenf230]. The MA axis was defined as the line connecting the-post
operative CoR with the IN42]. To compué the posbperative CoR a sphere was best

fittedto the head of the femoral compondfigure 310[230].
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Figure 3i 10: Illustration of the method used to determine PFV.
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3.211 Repeatabilityandreproducibilityanalysis of the CT measurement method

The methodology adopted to measure- paerd postoperative FQ NFV, and PFV

measurementsinclude t eps subj ected twerethefadlowinger 6 s i

1. The estimation of the femoral stdmaad centr@ncluded in HFO, VFQand PFV
measurementsuring this step, the user paints tiead of the femoral sterand
a sphere is beditted using the automatishapefitting modulein Simpleware
(Simpleware ScanlP, Version 2021.@ynopsis Inc., Mountain View, USA)

This step is anticipated to induce moderate@mdome variability, especially on
postoperative CT scansyherethe head of the femoral stegould not be split

from the cup in the 3ECT model. The operator then paints only the part of the

i mpl ant s head that i s v pdatedThefemaralai | al
head centrés thenextracted as the certof the besfit sphere[230].

2. The estimati on o f head hcentre (inaludedv i@ NRFVe mu r ¢
measurementsDuringhi s step the user paints tF
head, and a sphere is besttéitl using the fitting module ofSimpleware
(Simpleware ScanlP, Version 2021.@3nopsisinc., Mountain View, USA)

3. Theselectiorof the femoral stem top lateral landdincluded in the HFO, VFO
and PFVmeasurements). This landmarkasclearly visible landmarlkgefined
within the top lateral hole of the model representing the femoral stem.

4. The selectionof the epicondylesand posterior knee condyles (included in the
HFO, VFO and PFV measurementBuring this step, the user chooses these

landmarks based on the 3D model of the knee.

The repeatability and reproducibility of tladove stepsvereevaluated byguantifying

the intra and interobserver variabilityof the PFV measurementespectivelyFor the
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intra-observer analysis, PFV was measured twice for 30 randomly chosen cases by the
same usermore than two months apaitor the interobserver analysis, PFV was
measured for 20 randomly chosen cabased on landmarks chodey a different user

who was familiar with the software environmeiihe training included a brief visual
description of where themplant andbony landmarks are typically located using an

exampé model of the femoral morphology.

Measurements of PFV were also obtained using an independent commercially available
software (ZedHip, LEXI Co, Ltd, Tokyo, JapaRpstoperative CT scans were imported

into the softwar¢ZedHip, LEXI Co, Ltd, Tokyo, Jagn)and landmarks (posterior, medial

and lateral condyles) were define@he waailable implant database allowed to
superimpose the CAD file of the femoral implant used infraratively to the position of

the postoperative femoral implant shown on CT. Once the alignmentwafirmed the

PFV was automatically measured by the saftv

3.212 Statistical Analysis

SPSSsoftware was used to perform the statistical analysis (ver§io8P2SS$ Chicago,

USA). In order to establish whethe¢he data analysed in this study was normally
distributed, the Kolmogore®mirnov test (n>50) wasilised[279]. The mean, medm
Standard Deviation (SD), Interquartile Range (IQR), minimnm), and maximum

(max) values were estimated for the peand postoperative valueshat were normally
distributed The median and IQR values were estimated for the data that dndatch

the tendency expected for a normal distribuf@80]. Spear mands correl a
to assess the relationship between the planned and achieved sizes of the femoral and

acetabular componenta81].

A linear regression model wastétto the data todok for a linear relationship between

the planned and achieved FO and between the NFV andZ32¥ The coefficient of
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determination (R was used to indicate the level of correlafi®83]. The NFV and PFV

was comparetbr each casé Bland-Altman (BA) plotwas usedo show the discrepancy
and measure thepper and lower 95%imits Of Agreemen{LOA) between PFV and
NFV [284]. Statistical outliers were also determined using the Tukey method, abiding by

the following condition$285], [286}
Oo6o0aQlg i p& O0¢1 0o pd "O0 'Yp
Q1= 25th percentile

Q3= 75th percentile

For the reproducibility and reliability analysis, mean &mdlof differences between the
measurements of the same and different users were reported. Intraclass correlation

coefficient (ICC) was obtained for both inti@nd interobserver reliability287].
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3.3 Results

3.31 Planned and Achieved Component Size

Ninety-four per cen(96%) of the femoral stems araf the acetabular components were

within onesize of the plarfFigure 311).

With regard tothe femoral component the achieved stem size corresponded to the
planned size i71% of thecasesA femoral stem that wasnesize smallethanthe plan
was implanted in £ of thecaseswhile a femoral stem that wasesizelargerthan the
plan was implanted in 1% of tleases Furthermorea femoral stem that was more than

onesize differenfrom the plan, was implanted #% of thecasegFigure 311a).

Theimplanted acetabular cup was the same as plané@¥irof the cases. An acetabular
cup ofonesizelargerthanthe plan was implanted irB% of the cases, while a cupaie
size smaller was implanted %% of the casesAdditionally, an acetabular cup of more

thanonesize differenfrom the plan was implaed in4% of the cases (Figurel3b).

Planned femoral stem size was a median (IQR) of 3 (2 to 5); the implanted femoral stem
size was a median (IQR) of 3 (2 to 5). There asisong correlation between the planned

and achieved femoral stem size (Speai@nan, 6yP=M0A)qFigure 312a).

Planned acetabular component size was a median (IQR)mff6(48 to 54nm), while
the achieved acetabular component size was a median (IQR)nain528 to 54mm).
Strong correlation was reported betweenglamned and achieved acetabular component

size (Spearmands, F120).. 9 5, P<0.001) (Figul
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Figure 3i 11. The distribution of a) the femoral component size agreement and b)

the acetabular component size agement.
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Figure 3i 12: a) Correlation between the planned and achieved values for the size of

the femoral stem( Sp e ar man 6 8<0.00l) H)0Cobefation between the
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planned and achieved valuefor the size of theacetabularcup( Spear mands, r

p<0.001)

3.32 HFO and VFQDiscrepancies

The data describing the planned and achieved HFO values approached the trend expected
for a normal distribution (Kolmogore8mirnov, p1=0.08; p2=0.07). The mean (x SD)
planned HFO was 39 (&) mm (median=39nm; IQR= 35 to 44mm; min=30mm;
max=52mm). The mean (+ SD) achieved HFO was 46)(tnm (median=38m; IQR=

36 to 44mm; min=29mm; max=% mm). (Figure 313a).

The data describing the HFO discrepamagitchedthe trend expected for a normal
distribution (KolmogorovSmirnov, p=@). The mean (x SD) HFO discrepancy was 1 (+

3) mm (median=1mm; IQR=1 to 3mm; min=6 mm; max=7mm). A linear regression
model was fittedo the data, revealing a strong positive correlation between the planned

and achieved HFO (R 0.8; p<0.001) (Figure-34a).

The data describing the planned and achieved VFO measurements approached the trend
expected for a normal distribution (Kolmogof8wmirnov, p1=0.2; p2=0.2). The mean (z

SD) planned VFO was 57 @ mm (median=56nm; IQR= 52 to 6Inm; min=43mm;

max=74 mm). There was one outlier outside the box and whisker plot of the data
describing the planned VFO. Thiscluded a patient having danned VFO of 74nm.

The mean (£ SD) achieved VFO was 5% §#mm (median=5%m; IQR= 54 to 63nm);

min=43mm; max=72mm). (Figure 313b).

The data describing the VFO discrepancy did not match the tendency expected for a
normal distribution (Kolmogorosmirnov, p=0.03). The median (IQR) VFO
discrepancy was @m (0 to 4mm). A linear regression analysis showed a strong positive

correlation between the planned and achieved VFS (F6; p<0.001) (Figure-34b).
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HFO [mm]
w £ =

@Planned VFO @Achieved VFO

Figure 3i 13: a) Box and whisker plots comparing the planned and achieved HFQ.

b) Box and whisker plots comparing the planned and achievedFO. The mean,

median, IQR and maximum and minimal values are reported.
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Figure 3i 14: a) A linear regression analysis plot illustratingthe achieved HFO as a

function of the planned HFO; b) A linear regression analysis plot illustratingthe

achieved VFO as a function of the planned VFO.
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3.3.3 NFV and PFV

The data describing the NFV and PFV measurements matched the tendency expected for
a nornal distribution (KolmogorosSmirnov, p1=0.2; p2=0.2). The mean (+ SD) NFV

was 14° (39°) (median=15°; IQR= 7 to 20°; mint3°; max=36°)There was one outlier
outside the box and whisker plot of the data describing the NFV. This included a patient
having aNFV of -13°. The mean (x SD) PFV was31(+ 9°) (median=38°; IQR= 7 to

17°; min=18°; max=33°).There were two outliers outside the box and whisker plot of

the data illustrating the PFV angles. These included two patients having a PES of

and 33, repectively(Figure 315).
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Figure 3i 15 Box and whisker plots comparing theNFV and PFV.

With regard to the distribution of NFV in all patient@%2 of the patients had a NFV of
between 0° and 5%vhilst 1% of the patients had retroversion of their native femur (<0°).
A NFV of between 5° and 10° and between 10° and 15° was reporté#biarid 5% of

the patients, respectively. Furthermore, 24% of the patients had a NFV of between 15°
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and 20° and 15%ad a NFV of between 20° and 25°. A NFV of between 25° and 35°

was reported in 10% of the patients, FiguE63

Figure 31 16: NFV and PFV distribution in 79 primary uncemented THAS.

The comparative histogms depicted in FigureB6 showedthat PFV follows aimilar
variation to NFV. In detail, #FV of between 0° and 5° was reported in 14% of the
patients, while 6% of the patients had retroverted PFV (<0°). Sixteen per cent (16%) of
the patients had a PFV of between 5° and 10° and 24% had a PFV of between 10° and
15°. A PFV of between 15° and 28Ad between 20° and 25° was reporteddv 2and

8% of the femoral stems respectively. Additionally, a PFV of between 25° and 35° was

reported in 11% of the patientsigure 316.

The data describing theersiondiscrepancy(PFV-NFV) and the underlying raduds
followed a normal distributionKolmogorov+Smirnov, @d=0.2; p2=0.2. The mean (x
SD)version discrepancyas-1 (+ 8) ° (median=0.5% IQR=-6° to 5% min=-23% max=

149. The discrepancy between PFV and NFV was low (<5°2# 4f patients, moderate
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