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ABSTRACT

In cementless total hip arthroplasty (THA), femoral stems rely on the initial press-fit
fixation against the cortical bone to achieve osseointegration. In aging women,
structural changes of the proximal femur may jeopardize the stem stability.
Preoperative screening of bone quality and exploring the factors that cause stem
migration may help in the selection process of patients for the use of cementless
fixation techniques. Antiresorptive denosumab therapy might be efficient in
preventing periprosthetic bone loss and reducing femoral stem migration in
postmenopausal women.

Sixty-five postmenopausal women with primary hip osteoarthritis (60 to 85 years
old and Dorr A-type or B-type femur morphology) underwent cementless THA with
implantation of a parallel-sided femoral component in a randomized double-blind
placebo-controlled trial. The patients randomly received denosumab or a placebo 1
month before and 5 months after the surgery. The three-dimensional stem migration
was measured using model-based radiostereometric analysis (RSA). Patient’s
baseline characteristics, local and systemic bone mineral density (BMD) values
measured by dual-energy X-ray absorptiometry (DXA), cortical-bone thickness
measured by pulse-echo ultrasonometry, surgery-related factors, and postoperative
walking activity were examined for the association with stem migration.

The accuracy and clinical precision of model-based RSA were comparable to
those of marker-based RSA. Denosumab significantly decreased periprosthetic bone
loss but did not reduce stem migration which occurred predominately during the first
3 months. DXA and pulse-echo ultrasonometry of the distal radius helped to identify
patients at high risk of stem subsidence of more than 2 mm. Walking activity and
local BMD dictated the direction and magnitude of stem rotation around y-axis.

Femoral stem stability is sensitive to adequate bone stock. In postmenopausal
women, stem migration is predominantly due to impaired bone quality. Inhibition of
periprosthetic bone resorption did not prevent stem migration. Preoperative
evaluation of the skeletal status is recommended for all postmenopausal women with
hip osteoarthritis before scheduling cementless THA.

KEYWORDS: Cementless total hip arthroplasty, Postmenopausal osteoporosis,
Model-based radiostereometric analysis, Denosumab, Bone mineral density, DXA,
Pulse-echo ultrasonometry
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TIVISTELMA

Sementiton  lonkan tekonivelleikkaus  perustuu  implantin  biologiseen
kiinnittymiseen. Kantavan varsiosan luutuminen edellyttdd, ettd implantti saadaan
leikkauksessa tukevasti paikoilleen kuoriluuta vasten. Tdmén saavuttaminen voi olla
vaikeaa naisilla, joille on kehittynyt vaihdevuosien jélkeen reisiluun kuoriluun
ohentumista ja huokoistumista. Téstd johtuen on tirkeéé selvittdd ennen leikkausta
potilaan luuston kunto. On myds arvioitava muita tekijoitd, jotka voivat lisétéd
varsiosan liikettd. Ennen leikkausta aloitettu luukatoa estdva l4ékitys voi vahvistaa
kuoriluuta ja néin parantaa varsiosan tukevuutta.

Satunnaistettuun kliiniseen potilastutkimukseen osallistui 65 lonkan nivelrikkoa
sairastavaa naispotilasta (keski-ikd 69 vuotta). Potilaille tehtiin sementiton lonkan
tekonivelleikkaus. Ennen leikkausta aloitettiin luuldékitys (denosumabi), jonka
tiedetddn vahvistavan reisiluun kuoriluuta osteoporoosia sairastavilla naisilla.
Potilaiden subjektiivista toipumista seurattiin kuvaavilla kyselykaavakkeilla ja my0ds
objektiivisilla mittauksilla (kévelynopeus, kivelyaktiviteetti, luuntiheysmittaus,
kuoriluun ultraddnimittaus ja luuaineenvaihdunnan merkkiaineet). Varsiosan
kolmiulotteista liikettd seurattiin 3D-mallinnukseen perustuvalla radiostereo-
metriselld analyysilld. Menetelmin tarkkuus ja toistettavuus varmistettiin prekliini-
sesséd kokeessa muoviluumalleilla.

Ladkehoito esti reisiluun yldosan paikallisen luukadon varsiosan ympérillé,
mutta se ei vdhentinyt varsiosan painumista ja kiertymistd. Liikettd tapahtui
ensimmadisten kuukausien aikana leikkauksesta. Varsiosat luutuivat ja hoitoryhmien
vililld ei ollut eroa kliinisessd toipumisessa. Ennen leikkausta tehty ranteen
kuoriluun paksuuden ultraddnimittaus (Bindex®) ja luuntiheysmittaus auttoivat
tunnistamaan kohtalaisen hyvin ne potilaat, joille kehittyi varsiosan yli 2 mm
painuminen leikkauksen jilkeen. Varsiosan kiertymisen suunta ja mééra heijastivat
kavelyaktiivisuutta leikkauksen jalkeen.

Tulokset vahvistivat aiempia tuloksia, etti biologisesti kiinnittyvd lonkan
tekonivelen varsiosa vaatii hyvéé luuainesta. Luulddkkeelld (denosumabi) voidaan
estéd paikallista luukatoa, mutta luuresorption esto ei vihenné varsiosan alkuvaiheen
liikkettd. Luuston kunnon seulontaa suositellaan kaikille vaihevuosi-ién ohittaneille
naisille, joille suunnitellaan sementitdnti lonkan tekonivelleikkausta.

AVAINSANAT: Lonkan tekonivel, radiostereometrinen analyysi, osteoporoosi,
denosumabi, luuntiheys, luun ultradénimittaus
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1 Introduction

Total hip arthroplasty (THA) is known as the most successful surgical procedure
which helps to relieve pain and restore functionality in patients suffering from
disabling primary or secondary hip osteoarthritis (OA). THA is frequently performed
globally. In Finland alone, over 9000 primary THAs are performed annually (Finnish
Arthroplasty Register, 2019).

Cementless THA was introduced to avoid complications involved in cemented
THAs. Uncemented stems were initially designed for young, active patients because
of their extraordinary longevity (Dutton & Rubash, 2008). Nowadays, the majority
of THA patients receive uncemented implant components in many countries.
However, in Finland, the use of cementless fixation decreased from 43% to 24%
between 2010 and 2017 (Bunyoz et al.,, 2020). Cementless THA has been
successfully applied even in octogenarians (Keisu et al., 2001; Riley et al., 2016). In
cementless THA, initial stability is of great importance for the successful biological
fixation. Initial stability might be affected by patient-related factors such as a low
systemic BMD (Aro et al., 2012) and surgery-related factors including stem design,
material, coatings, and surgical technique (Khanuja et al., 2011). Excessive
migration at the bone-implant interface delays and even inhibits osseointegration
(Jasty et al., 1997; Pilliar et al., 1986) and failure of osseointegration can lead to
clinical loosening of the implant (Mavrogenis et al., 2009). Therefore, it is important
to identify patients prone to excessive initial femoral stem migration.

Postmenopausal women suffer from unfavorable changes of the cortical bone
including endosteal trabeculation and increased intracortical porosity (Zebaze et al.,
2010). This remodeling process leads to disproportionate changes in intraosseous
dimensions of the femur, causing a gender issue in THA (Casper et al., 2012).
Postmenopausal women with osteoporosis or osteopenia are prone to periprosthetic
bone loss (Alm et al., 2009; Venesmaa et al., 2003) which might predispose them to
periprosthetic fractures. Revision surgery of periprosthetic fractures is highly costly
and have detrimental effects on morbidity and mortality of THA patients (Lindahl et
al., 2007; Toogood & Vail 2015). Consequently, it is important to identify high-risk
patients before performing cementless THA. In order to reduce the risk of revision
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surgery, cemented fixation of femoral stems is recommended in patients 75 years or
older (Tanzer et al., 2018; Bunyoz et al., 2020).

Bisphosphonates are currently widely used antiresorptive therapies in the
treatment of osteoporosis (Baron et al., 2011). In cementless THA, bisphosphonates
have shown to reduce periprosthetic bone loss (Aro et al., 2018; Bhandari et al.,
2005; Skoldenberg et al., 2011). However, bisphosphonates have not improved the
primary stability of uncemented femoral stems in randomized clinical trials (Aro et
al., 2018; Skoldenberg et al., 2011). Clinical studies have also associated
bisphosphonate use to improved survival and lowered revision risk of uncemented
and cemented THAs (Prieto-Alhambra et al., 2011; Khatod et al., 2015). No previous
study has investigated if denosumab, which is an approved therapy for
postmenopausal osteoporosis (Cummings et al., 2009), can prevent periprosthetic
bone loss and thereby improve femoral stem stability.

Radiostereometric analysis (RSA) is an accurate technique for the assessment of
the postoperative stability of femoral stems. Initial femoral stem migrations
measured by RSA has a diagnostic capacity to detect long-term aseptic loosening of
the cemented femoral stems (van der Voort et al., 2015) and knee prostheses (Pijls
et al., 2012). However, the published research is not sufficient to form a conclusion
regarding such an association for uncemented femoral stems (van der Voort et al.,
2015).

This doctoral study investigated the impact of patient-related and surgery-related
factors on the initial femoral stem migrations after cementless THA in
postmenopausal women with primary hip osteoarthritis. The thesis was based on a
randomized clinical trial, which compared periprosthetic femoral bone loss and
femoral stem migration in denosumab-treated and placebo-treated patients. The
feasibility of the model-based RSA for the femoral stem migration measurement was
examined, and following that, femoral stem migration was monitored for 2 years
postoperative. The impact of a wide range of patient-related and surgery-related
factors on femoral stem migration was thoroughly investigated.

12



2 Review of the Literature

2.1 Cementless total hip arthroplasty

Total hip arthroplasty (THA) is a reproducible operation for the treatment of hip OA
and late conditions of other hip diseases such as avascular necrosis. THA is highly
cost-effective and is considered to be one of the most successful medical
interventions in the orthopedics field (Learmonth et al., 2007). THA has a great
impact on the health-related quality of life of the patients. The patients scheduled for
THA are either middle-aged or aged. THA aims to retain working capacity in
middle-aged and to restore physical activity and maintain functional independence
in the elderly population.

The first attempt to perform a THA occurred in Germany in 1891, and was
recorded by Professor Themistocles Gliick who replaced the femoral head with
ivory. Later, in the late 19th and early 20" century, surgeons applied different
materials including fascia lata, skin, and pig bladders submucosa in between the
articulating hip surfaces of the arthritic hip (Learmonth et al., 2007). In the mid-20™
century, American surgeon Marius Smith-Petersen created the first mold
arthroplasty out of glass which failed to withstand the great forces going through the
hip joint and shattered (Knight et al., 2011). In 1953, English surgeon George McKee
introduced the first metal-on-metal prosthesis which had a good survival rate.
However, it suffered from the local effect of metal particles. Eventually, in the early
1960s, surgeon Sir John Charnley, known as the father of modern THA, designed
low friction arthroplasty which had similar ideas to the current THA in terms of
components; metal femoral stem, polyethylene acetabular component, and acrylic
bone cement. It was called low friction because the design of the femoral head was
small in order to minimize wear due to its smaller surface area (Knight et al., 2011).

In 1980, when total hip arthroplasty became more popular and was known as an
established approach for the treatment of hip OA, concerns about the use of cement
start to arise (Corten et al., 2011). The early failure of cemented stems was initially
considered to be due to the infection but was later recognized as a local inflammatory
response originating from the cement particles and/ or polyethylene wear which lead
to a premature loosening of the cemented components (Learmonth et al., 2007).
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Due to the complications involved in cemented THA including aseptic loosening
(Hearn et al., 1995), bone resorption, (Jones & Hungerford, 1987) and osteolysis
(Maloney et al., 1990) cementless femoral stems were designed to provide adequate
initial stability and to encourage the bone to biologically integrate the implant
(Learmonth et al., 2007). The first generation of the cementless femoral stems caused
problems related to initial fixation failure, thigh pain, wear, and osteolysis
(Banaszkiewicz & Kader, 2014). Consequently, the next generation of cementless
femoral stems were designed to address these complications and were successful in
improving implant fixation and health-related quality of life (Rorabeck et al., 1994)
and decreasing long-term complications in young and active patients (McLaughlin
& Lee, 2016). Subsequently, many different designs of uncemented femoral stems
(Khanuja et al., 2011) showed good to excellent long-term results ( Teloken et al.,
2002) with a low revision rate, high patient satisfaction (Parvizi et al., 2004), and
high survival of over 90% at 10 to 17 years (Aldinger et al., 2009; Hailer et al., 2010;
Thien et al., 2014).

Cementless THA is nowadays the leading surgical technique globally. In the
United States (the American Joint Replacement Registry 2019 Annual Report), only
4.3% of all elective THA procedures utilized cemented femoral components. In the
Nordic countries, Australia, England-Wales, the Netherlands, Romania, New
Zealand, and Switzerland there is substantial variation from country to country as to
how often uncemented fixation is used, ranging from 24% (Sweden) to 71%
(Denmark) (Bunyoz et al., 2020). In the Scandinavian countries, the use of
uncemented fixation has increased since 2010 (in Norway from 25% to 38%), in
contrast to other countries that show decreases (in Finland from 71% to 49%)
(Bunyoz et al., 2020). The contemporary trend is to use cemented THA and hybrid
fixation (cemented femur) in patients older than 75 years old, because cementless
femoral stem fixation seems to be associated with a higher early rate of revision in
these patients (Tanzer et al., 2018; Bunyoz et al., 2020).

Currently, data from national implant registers (Table 1) are the main source of
information on the rate of revision surgery for cementless and cemented hip
prostheses in general practice. The registers also provide data on surgical
complications (infection, dislocations) and patient-reported outcome measures
(PROMs) (Rolfson et al., 2016).
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Table 1. List of national implant registers.

American Academy of Orthopaedic Surgeons/American Joint Replacement Registry
Australian Orthopaedic Association National Joint Replacement Registry

Danish Hip Arthroplasty Register

Dutch Arthroplasty Register

Finnish Arthroplasty Register

National Joint Registry (United Kingdom)

New Zealand Orthopaedic Association Joint Registry

Norwegian Arthroplasty Registry

Swedish Hip Arthroplasty Register

Swiss National Joint Registry

2.1.1 Stability of the femoral stem

Initial stability of the femoral stem is of great importance for ingrowth of the bone
into the implant and the long-term clinical success of cementless THAs (Casper et
al., 2011; Demey et al., 2011; Gortchacow et al., 2012; Grant et al, 2017). However,
many uncemented stems demonstrate a small amount of initial migration before they
fix into the bone (Campbell et al., 2011; Strom et al., 2006; Strom et al., 2007).
Excessive initial migration of the implants is a potential cause of early implant failure
(van der Voort et al., 2015; Streit et al., 2016). Consequently, it is important to
predict cases prone to excessive initial migration before cementless THA. Different
factors including patient-related and surgery-related factors such as implant design,
surgical technique, and stem to canal fill ratio may contribute to initial femoral stem
migration (Weber et al., 2014; Grant et al., 2017).

21.2 Principle of osseointegration of femoral stem

Cementless THA incorporates with the host bone through a process called
osseointegration (Morgano et al., 2017). Osseointegration is the phenomenon in which
the host bone integrates an implant biologically by making a direct osseous interface
without intervening fibrous tissue (Albrektsson et al., 1981; Bothe et al., 1940; Shah
et al., 2019). Osseointegration creates permanent implant anchorage after the initial
press-fit fixation achieved during the surgery (Tarala et al.,, 2013). When proper
osseointegration occurs, the implant surface is covered by ongrown and ingrown new
bone. Failure of osseointegration causes fibrous tissue at the bone-implant interface,
which result in low strength and/or loosening of the implant (Mavrogenis et al., 2009).
In an autopsy retrieval study of well-functioning uncemented femoral stems, a mean
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of 35 percent of the surface of the implants had bone ingrowth (Engh et al., 1995). The
osseointegration is known to be affected by several factors including biocompatibility
of the implant, design and surface of the implant, surgical techniques, quality of the
host bone, loading condition, and bone turnover.

For successful osseointegration, there are two critical factors: the close contact
(Sandborn et al., 1988; Dalton et al., 1995) and the minimal amount of micromotion
(Engh et al., 1992; Jasty et al., 1997) at the implant-bone interface. It is reported that
periprosthetic micromotions up to 40 pum lead to bone formation and
osseointegration, whereas micromotions greater than 150 um may result in fibrous
formation around the implant (Jasty et al., 1997). However, defining a certain
threshold of stem micromotions for the success or failure of cementless THA
remains in question.

Initial osseointegration usually takes four to twelve weeks after implantation but
might continue progressing over several months and up to three years (Zweymuller
et al., 1988). The strength of the osseointegration increases over time (Tarala et al.,
2013). In the cementless femoral component, osseointegration can be assessed either
from plain radiographs through Engh’s classification (Engh et al., 1990) or more
accurately using RSA (Ryd, 2006).

21.3 Role of stem design

Various femoral stem designs are utilized to maximize initial stability and to minimize
the periprosthetic bone loss caused by stress-shielding (Khanuja et al., 2011). When
cementless femoral stems initially came on to the market, they were classified as either
straight or curved; similarly, they were divided as either fixing proximally on
metaphysis or distally on diaphysis. However, nowadays different designs of
cementless femoral stems have been developed which can be classified based on their
contact site with implants and the cortical bone. The implant shape determines the
cortical contact and initial stability. Porous surfaces are located in a place where the
fixation is desired through ingrown new bone (Khanuja et al., 2011). The surface
characteristics of the cementless femoral stem determine the pattern of new bone
formation. Ingrowth occurs when the bone grows inside a porous surface, while
ongrows occur when the bone grows onto a roughened surface (Khanuja et al., 2011).

Strain-adaptive bone resorption is an inevitable biological response around
uncemented femoral stems (Kerner et al., 1999; Sumner, 2015; Yamako et al., 2017).
Against expectations, it is difficult to avoid strain shielding by changing the implant
geometry and material properties (Cilla et al., 2017). Indeed, custom-designed
femoral stems have demonstrated periprosthetic bone loss (Grant et al., 2005; Nysted
et al., 2011). The periprosthetic bone loss might detrimentally affect the longevity of
the hip implant and increase the risk of periprosthetic fracture (Peitgen et al., 2018;
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Riviere et al., 2018). It is important to recognize that evidence-based data on the
causal association between strain-adaptive bone resorption and clinical
complications which is still scanty. In fact, first-generation femoral stems with
extensive coating have shown major periprosthetic bone loss but a low rate of
periprosthetic fractures and late mechanical loosening (Grant & Nordsletten, 2004).
The close association between periprosthetic bone loss and the increased risk of
periprosthetic fractures has become evident in patients with femoral neck fractures
treated by cementless THA (Skoldenberg et al., 2014).

21.4 Complications of cementless THA in postmenopausal
women

The current designs of the uncemented femoral stems show excellent overall results
and success even in octogenarians (Keisu et al., 2001; Riley et al., 2016). However,
there is a certain variation in the long-term survival rate of different implants. Intra-
operative and postoperative periprosthetic femoral fractures have emerged as the
main concern (Abdel et al., 2016; Ponzio et al., 2015; Streit et al., 2011; Thien et al.,
2014; Watts et al., 2015).

Figure 1. Dorr classifications of type A, B, and C proximal femur in antero-posterior (left) and
lateral (right) views (From: Nakaya et al., 2019 © Reprint with permission).

Female patients with low cortical indices showed a higher chance of stress shielding
(Engh et al., 2003). There is a strong linear correlation between periprosthetic bone
loss and the pre-existing bone mineral content of the femur (Kerner et al., 1999;
Rahmy et al., 2004; Venesmaa et al., 2003). Clinically, women with low BMD are
prone to early periprosthetic bone loss (Alm et al., 2009; Venesmaa et al., 2003).
Female patients aged over 65—70 years are also at the highest risk for intra-operative
and postoperative periprosthetic femoral fractures (Lindahl et al., 2007; Ponzio et
al., 2015; Abdel et al., 2016).
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Cortical-bone fragility is the main contributor to the pathogenesis of
nonvertebral fragility fractures (Ahmed et al., 2015; Shigdel et al., 2015; Zebaze et
al., 2010), and probably also in the pathogenesis of periprosthetic fractures. Female
patients suffer from unfavorable changes of the cortical bone including endosteal
trabeculation and increased intracortical porosity (Zebaze et al., 2010). This
remodeling process leads to disproportionate changes in intraosseous dimensions of
the femur, causing a gender issue in THA (Ahlborg et al., 2004; Casper et al., 2012).
In the worst cases, the characteristics of a stovepipe femur with thinned cortices and
a wide diaphyseal canal (Dorr type C) could be observed on the radiographs (Dorr
et al., 1993) (Figure 1). Dorr type C of the femur morphology is frequently evident
in postmenopausal women with osteoporosis (Mékinen et al., 2007). Patients with
femoral Dorr type C have a 5.2 times increased risk for postoperative periprosthetic
fractures (Gromov et al., 2017).

2.2 Assessment of bone quality

Bone quality refers to several parameters that have an impact on the resistance of
bone against fracture (Fyhrie 2005; Ascenzi et al., 2016). Bone densitometry using
dual-energy x-ray absorptiometry (DXA), and measurement of cortical bone
thickness with pulse-echo ultrasonometry are examples of clinical tools for indirect
estimation of bone quality. The development of clinical methods for direct
assessment of bone mechanical properties is still under progress (Allen et al., 2015).

2.21 Dual-energy x-ray absorptiometry

Dual-energy x-ray absorptiometry (DXA) is the standard established method for the
measurement of bone density. From 1980s when DXA was commercially introduced
until now, it has been the most widely used technique for osteoporosis diagnosis and
fracture risk assessment (Genant et al., 1996; Blake & Fogelman, 2010). The method
works by sending two low-dose x-ray beams that are absorbed differently by bones
and soft tissues. The density profiles (x-ray attenuation) from these x-rays are used
to calculate bone mineral content (g) and area (cm) is also assessed by calculating
the number of pixels within the region of interest. Therefore, the areal BMD is
reported by DXA as g/cm? DXA is usually utilized for the BMD measurement in
the central and peripheral skeleton (hip, lumbar-spine, and distal radius). Recently,
software algorithms have been applied to derive 3D models from hip DXA scans
and compute volumetric trabecular and cortical bone BMDs (Winzenrieth et al.,
2018). In addition, DXA 1is applied in vertebral fracture assessment (VFA) for
detection of subclinical vertebral fractures with current measurements of vertebral
BMD (McCloskey et al., 2008). DXA is the established method for quantifying the
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extent of periprosthetic bone loss around the hip prostheses (Venesmaa et al., 2001;
Bhandari et al., 2005; Alm et al., 2009; Knusten et al., 2014).

The precision of the DXA measurement is high (coefficient of variation from 1%
to 2.5%) (Kim & Yang, 2014) and the radiation dose is low (about 10% of a normal
chest x-ray) (Damilakis et al., 2010). Its accuracy (closeness of the measured BMD
to the ash weight of the actual calcium content) is also reported to be between 85%
to 90%. Nevertheless, DXA also has certain limitations. One of these limitations
refers to the 2D nature of this imaging technique (Pezzuti et al., 2017) which results
in the loss of information about the third dimension (depth of the bone) (Carter et
al., 1992). This drawback makes the technique insensitive to the characteristic
differences between varieties of populations. Another limitation of DXA is artifacts
such as marrow fat (Kuiper et al., 1996), soft tissue (Bolotin, 1998), and degenerative
diseases (Muraki et al., 2004; Salo et al., 2014) which might have an impact on the
numerical results. In addition, two other disadvantages assigned to DXA are that is
non-portable (Schousboe et al., 2017) and discrepancies exist between different
manufactured devices (Carey et al., 2007). T-score thresholds are used to define
different bone conditions based on DXA-measured BMD (Table 2).

Table 2. Classification of the bone status based on DXA-measured T-scores according to the

WHO criteria.
Normal T-score >-1.0
Osteopenia -2.5 < T-score <-1.0
Osteoporosis T-score < -2.5
Severe osteoporosis T-score < -2.5 + fragility fracture

222 Pulse-echo ultrasonometry

The limitations and costs of DXA measurements (albeit modest), have limited the
accessibility of the method in primary care centers (Schousboe et al., 2017). An
ultrasound device has advantages when compared to DXA. It is portable, it has no
ionizing radiation, and it is less expensive. Owing to these features, it seems to be a
useful tool for pre-screening examinations for the identification of patients whose
osteoporosis treatment decision could be made without the DXA examination
(Schousboe et al., 2017).

Ultrasound techniques for screening and diagnosing osteoporosis had already
been proposed in the 1980's with the introduction of the first quantitative ultrasound
(QUS) (Langton et al., 1984). Later, several commercial devices based on through-
transmission or axial-transmission were introduced (Damilakis et al., 2004; Nayak
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et al., 2006). However, some of these devices did not exhibit a good correlation with
central DXA-measured BMD (Massie et al., 1993; Young et al., 1993). As a
limitation, the ultrasound methods are not feasible for evaluation of the treatment
response to osteoporosis drugs (Firestein et al., 2012).

Pulse-echo ultrasonometry (PEUS) is a novel technique that was first introduced
for the measurement of cortical bone thickness in osteoporotic patients (Karjalainen
et al.,, 2008; Wear, 2003). Later, this technique was utilized for multi-site
measurement of cortical bone thickness in the distal and proximal tibia and distal
radius in combination with patient characteristic data (age, weight, and height), in
the reconstruction of a parameter known as density index (DI), which is an estimate
of the proximal femur BMD (Karjalainen et al., 2012). DI is highly correlated with
total hip and femoral neck BMD (Karjalainen et al., 2012). This correlation was
verified in a study population of 448 postmenopausal women (Karjalainen et al.,
2016; Schousboe et al., 2017). In that study, the thresholds were also determined for
the use of the device in clinical practice to pre-screen for hip osteoporosis with 90%
sensitivity and 90% specificity which is in line with the recommendation by the UK
National Osteoporosis (Blake et al., 2005) and the International Society for Clinical
Densitometry (Hans et al., 2008; Krieg et al., 2008).

2.3 Radiostereometric analysis of the femoral stem
migration

Radiostereometric analysis (RSA) which was developed in the 1970's, is a method
for the three-dimensional (3D) migration measurement of orthopedic implants in
vivo (Selvik, 1989). RSA is known as the most accurate and reliable method of
implant migration measurement (Ryd 1992; Kérrholm et al., 1997). Due to its high
accuracy and precision, RSA studies are powered with relatively few subjects
(approximately 15 - 30 patients) (Kérrholm et al., 1994; Valstar et al., 2005;
Derbyshire et al., 2009). Accordingly, new implants can be tested in vivo by limiting
their exposure to as few patients as possible.

RSA is based on the simultaneous exposure of two x-ray beams and two
recording media (e.g. film, cassettes, or digital detector) in conjunction with a
calibration cage. Two radiographic arrangements are used for this set-up; uniplanar
and biplanar. In the uniplanar setup, the x-ray recording media are placed next to
each other while in the biplanar set-up, the x-ray recording media are positioned at a
90-degree angle to each other (Valstar et al., 2005). In THA implant migration
measurement, a uniplanar set-up of RSA is used. In the uniplanar set-up, two x-ray
tubes are angled approximately 20 degrees in relation to the floor and 40 degrees in
relation to each other (Kérrholm et al., 1997). Subsequently, a calibration cage
containing tantalum beads in well-defined, standard positions is placed on top of the
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x-ray films which are located under the patient examination table. Using the markers
on the calibration cage and tantalum bone markers implanted during the surgery, the
original position and orientation of the RSA-marked implant are reconstructed by
RSA computer software.

To measure the migration of an implant, radiostereometric radiographs are taken
immediatley after the surgery (within 5 days postoperatively according to the ISO
standards; 16087:2013) and repeated at certain time-points. First postoperative
radiographs are considered as baseline. The software calculates implant micromotion
by assessing the 3D location of the implant in each time-point followed by the
comparison of the current location and orientation of the implant with that of the
baseline image.

RSA is not only applied for implant migration measurements. It has other
applications such as implant wear particle migration (Callary et al., 2013), femoral
head penetration (Bragdon et al., 2004), and monitoring fracture stability (Madanat
et al., 2012; Finnila et al., 2019).

Einzel-Bild-Roentgen-Analysis (EBRA, Universityof Innsbruck, Austria) is
another computerized measurement system method for measuring 2-dimensional
(2D) migration of the femoral components from digitized plain radiographs. The
method has been used in many studies to evaluate migration patterns of both implant
components and for predicting cup and stem failure (Krismer et al., 1996, 1999;
Friedl et al., 2009; Kutzner et al., 2016, 2020). However, the accuracy of this method
is inferior to that of the RSA method due to the 2D nature of the EBRA-FCA
measurement system.

2.3.1 Marker-based and model-based RSA

Conventional marker-based RSA, which is considered as the gold standard, requires
attachment of tantalum markers in the bone (6 to 8 beads) and the use of custom-
modified implants which are marked with at least three non-collinear tantalum beads
in the locations demonstrated in Figure 2. Tantalum is an element with a high atomic
number (73). Therefore, it is radiopaque and easy to identify on the radiographs.
Indeed, this refractory metal has high biocompatibility (Levine et al., 2006). This
element has been used as a bone marker for thousands of patients with no side effects
(Kérrholm et al., 1997). In marker-based RSA the application of manufacturer-
modified implants and assessment of the CE marking are costly in terms of time and
money. In marker-based RSA the software calculates the micromotion of the center
of gravity of the implant segment in relation to the bone segment as a function of the
follow-up time.

Model-based RSA also requires surgical implantation of tantalum bone markers,
however, there is no need for implant markers. Thus, model-based RSA makes
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possible RSA studies of clinically used implants without modifications. The model-
based RSA technique was developed to work without attaching markers to the
implants. In the model-based RSA technique, the location of the implant is assessed
by matching a 3D surface model to the actual radiographic projection of the implant
(Kaptein et al., 2003, 2006, Prins et al., 2008, Valstar et al., 2001b). The virtual
surface model of the implant components could be based on computer-aided design
(CAD) (Kaptein et al., 2003; 2006; Prins et al., 2008), reverse-engineered implant
models (Kaptein et al., 2003; Seehaus et al., 2013), or elementary geometric shapes
(EGS) (Kaptein et al., 2006; Prins et al., 2008; Li et al., 2014). The RSA software
calculates the exact 3D position of the implant by using the center of the femoral
head and stem as reference points (Prins et al., 2008). The CAD model is then
matched to the contour of the implant in the radiographs to reconstruct the position
of the implant. The precision and accuracy of model-based RSA measurements
should be evaluated before its application in a clinical trial (Kaptein et al., 2006;
Valstar et al., 2005).

Figure 2. lllustration of an implant marked with beads for marker-based RSA. Three RSA beads
are shown with yellow arrows and six tantalum bone beads are shown with red circles.
(From: Aro et al., 2018 © Reprint with permission).
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2.3.2 Accuracy and precision of RSA

The accuracy and precision of an RSA study depends on different factors, such as
the radiographic technique, the software used for the analysis, and the position of the
tantalum markers (Bragdon et al., 2004). Standardization of the clinical set-up for
imaging is equally important (Lindgren et al., 2019; Maékinen et al., 2004).
Particularly, the precision of the model-based RSA is highly affected by stem design
(Prins et al., 2008) and the quality of the CAD models used for the analysis (Seehaus
et al., 2013). Consequently, due to great variation of the cementless femoral
component designs (Khanuja et al., 2011) model-based RSA is sometimes reported
as suffering from low precision (Kaptein et al., 2006). Regarding this issue, accuracy
and precision validation are highly recommended before starting a model-based RSA
trial (Kaptein et al., 2006; Valstar et al., 2005).

Accuracy and precision are two different terms that sometimes are used
exchangeably in RSA studies. Accuracy demonstrates how close the measurement
results are to ground truth, while precision refers to the closeness of the
measurements when they are repeated. To evaluate the accuracy of an RSA system
(including the implant, imaging technique and analytical software) phantom models
are required. Phantoms make it possible to create accurate translations and rotations
(ground truth) using highly accurate micromanipulators (Bragdon et al., 2004;
Madanat et al., 2005; Onsten et al., 2001) which have substantially higher resolution
than RSA and to compare the RSA-measured migration with the ground truth. The
precision of the RSA system could be evaluated with phantom (pre-clinical) and with
trial patients (clinical) by repeating the radiostereometric imaging (double
examination) and calculating the differences between the repeated measurements.
Based on the ISO 16087:2013 standard, the clinical precision should be assessed for
each clinical study.

Accuracy of the RSA-measured micromotions is affected by the distribution of
the tantalum beads within the rigid body, and their stability across the follow-up
(Kérrholm, 1989). To calculate the micromotions properly, tantalum markers are
required to be non-collinear and randomly and widely distributed over the segment.
This should be examined for each radiograph using the calculation of the condition
number (CN), which is an indicator of the markers distribution and a measure of how
well the markers are scattered. A high CN might reflect the fact that the markers are
positioned close to linear resulting in poor distribution, while a low CN indicates a
wide enough spatial distribution. Condition numbers below 110 are considered very
reliable and 150 is the upper CN limit according to RSA guidelines (Valstar et al.,
2005).

The stability of the tantalum markers across the follow-up is also another
important factor that might affect the accuracy of the RSA measurements. The mean
error of rigid body fitting (ME) is the parameter which helps to examine the stability
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of the tantalum markers by calculating the mean difference between the relative
distances of markers in a rigid body in one examination compared to another
examination (Valstar et al., 2005). The upper limit for ME is 0.35 mm according to
RSA guidelines. ME and CN calculations constitute important quality control
parameters that have to be confirmed before proceeding with the calculation of
micromotions from follow-up examinations (Valstar et al., 2005).

24 Factors contributing to femoral stem migration

Ideally, uncemented femoral stems should not migrate at all (Kérrholm, 2012).
However, studies of different population’s age and gender showed that femoral
stems subside to a certain extent, ranging from 0.7 mm to 1.7 mm, before the
osseointegration (Campbell et al., 2011; Rutherford et al., 2019; Skdldenberg et al.,
2011; Strom et al., 2007).

Based on the results of biomechanical testing with cadaver bones, two types of
femoral component migrations are expected; the first is dynamic motion in response
to loading cycle which usually happens during the first months after the surgery and,
the second is irreversible movement over time (Schneider et al., 1989; Buhler et al.,
1997). Pre-clinical in vitro tests have also shown that simulated stair climbing and
muscle activity considerably affect the initial stability of uncemented femoral stems
(Kassi et al., 2005). In vitro, uncemented femoral stems show a large variability in
permanent motion before the stems had migrated into their final stable position
(Ostbyhaug et al., 2010).

Investigating factors that contribute to femoral stem migration is of great
importance. An EBRA-FCA study reported that stem excessive and continuous
migration is directly correlated with long-term femoral component loosening and
clinical failure (Streit et al., 2016). The limit of excessive migration remains
unknown, but there are stems which have been seen to exhibit excessive subsidence
(Baad-Hansen et al., 2011). Based on a meta-analysis of RSA studies (van der Voort
et al., 2015), there are not sufficient published results to draw definite conclusions.
It should be noted that RSA is not an irrefutable predictor of long-term stem success
(Pijls & Nelissen, 2016). To expect RSA to fulfill such a role, a better understanding
of the definite threshold values of migration for different stem designs is required
(Frazer & Tanzer, 2020). In addition to the type of migration, including total
migration or migration rate, the most relevant time point or period of measurement,
the detection and interpretation of the outliers, and the appropriate sample size are
other factors that need to be taken into account (Frazer & Tanzer, 2020).
Nevertheless, continuous subsidence during a 6 to 12 month period after the
operation could indicate an increased risk of future revision (Luites et al., 2006). In
general, femoral stem migration after cementless THA in postmenopausal women is
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poorly characterized in the literature. There might be patient-related and surgery-
related co-factors dictating the magnitude of the initial stem subsidence and rotation.

241 Patient-related factors

Femoral stem stability is sensitive to adequate bone stock and unaltered anatomy of
the proximal femur (Grayson & Meneghini, 2018). The quality of the cortical bone
is probably one of the most important factors contributing to stem initial migration
in aging women. A considerable number of women with osteoarthritis of the hip
suffer from primary or secondary hip osteoporosis (Glowacki et al., 2003; Mékinen
et al., 2007). It is already known that postmenopausal women with osteopenia and
osteoporosis show increased femoral stem subsidence and rotation up to 3 months
after cementless THA, while subjects with normal BMD demonstrate minimal stem
subsidence (Aro et al., 2018; Aro et al., 2012). This association is not assumed to be
related to the poor quality of intertrochanteric cancellous bone of the proximal femur
(Moritz et al., 2011). Moreover, it is also known that most bone loss which occurs
after 65 years is related to cortical and intracortical remodeling (Zebaze et al., 2010).
These findings may suggest that the effect of postmenopausal bone loss on stem
initial migration is related to endosteal trabeculation and increased intracortical
porosity of the proximal femur in elderly women.

Canal flare index (CFI) may help to predict initial stem migration after
cementless THA (Aro et al., 2012) . CFI and Dorr classification are quantitative
indicators of the femoral canal geometry. CFI is a quantitative measurement of
geometrical changes of the proximal femur (Noble et al., 1988). It is defined as the
ratio of D to G, where D is the metaphyseal width 20 mm proximal to the most
prominent point of the lesser trochanter and G is the width of the intramedullary
femoral isthmus (Figure 3-A). CFIs are classified either as stovepipe (< 3.0), normal
(3.0 -4.7), or champagne-fluted (> 4.7 - 6.5) (Noble et al., 1988). Dorr classification
is also a quantitative evaluation of the proximal femur morphology from
conventional radiographs (Dorr et al., 1993). Dorr system classifies the femurs into
types A, B, and C; where type A refers to normally tapered shaped femur with thick
cortices, type B designates a widened intramedullary canal diameter with thin
cortices, and type C associates with complete lose of the tapered shape into a straight
canal with thin cortices (Figure 1). Dorr type C has been reported as an independent
risk factor for early periprosthetic fracture, following THA using a double tapered
cementless stem (Gromov et al., 2017). Accordingly, considering bone morphology
when planning for primary THA and using cemented femoral components in female
patients with poor bone quality is highly recommended (Gromov et al., 2017).

Presumably, physical characteristics such as body weight and height might also
have an impact on stem migration. In an EBRA-FCA study, a weight of over 75 kg
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and a height over 165 cm significantly influenced stem subsidence toward
progressive migration (Stihsen et al., 2012). However, there is no RSA study
showing such a correlation between the weight/ height and initial stem migration.

Figure 3. lllustration of the canal flare index and femoral offset measurements. Canal flare index
(A\) is calculated as the ratio of D to G, where D is the femoral canal width 20 mm above
the most prominent point of the lesser trochanter, and G is the femoral isthmus width.
Femoral offset (FO) was measured as the perpendicular distance from the center of
femoral head rotation to the longitudinal axis of the femur.

In patients with THAs, femoral stems are under high physiological loads during
walking and daily activities (GBergmann et al., 2001). Thus, the amount of
physiological loading after surgery is a potential factor in promoting stem subsidence
and rotation. The main load is applied to the stem from the anterosuperior (Figure 4)
and the implemented force rises during stair-climbing (Davy et al., 1988; Kassi et
al., 2005). This increased force might lead the stems, in particular cementless stems
(Kassi et al., 2005), to migrate (Burke et al., 1991). However, immediate full weight-
bearing after cementless THA seems to be safe and does not change the RSA-
measured stem migration (Thien et al., 2007; Wolf, Mattsson, et al., 2010).
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Figure 4. The hip joint has a fulcrum role in balancing the force of body weight with the force
generated by the hip abductors (From: Charles et al., 2004 © Reprint with permission).

Based on the current recommendation (ISO 16087:2013), the baseline RSA
measurements should be performed within 5 days postoperatively, preferably before
weight-bearing. There are studies that have performed the baseline RSA imaging
when the patients were still anesthetized. These studies demonstrated no migration
of uncemented femoral stems (Strom et al., 2007) and acetabular cups (Wolf et al.,
2010) during the first week after surgery. Comparison of the two weight-bearing
regimens including unrestricted and partial weightbearing has also shown no impact
on the initial migration pattern of the stem during the first postoperative week (Strém
et al., 2007).

242 Surgery-related factors

Stem design seems to be an important surgery-related factor contributing to
migration. Stem geometry, its surface properties, and its material all might affect the
osseointegration and stability of the femoral stem (Khanuja et al., 2011). Geometry
seems to be the most critical feature of the stem influencing its initial migration.
Even small modifications of cementless hip stems might affect its 3D migration
pattern (Weber et al., 2014).

The proper reconstruction of anatomical parameters of the hip joint is critical for
stem stability and successful THA surgery (Mahmood et al., 2016), particularly, for
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soft tissue balancing (Charles et al., 2004) and avoiding limb lengthening (Flecher
et al.,, 2016). The femoral offset (FO) is one of the parameters that need to be
restored. FO is assessed before the surgery (Amirouche et al., 2016) (Figure 3-B).
The offset of the implanted prosthesis (neck-shaft angle) is the main determinant of
the femoral offset (Charles et al., 2004). Accordingly, implant offset might be a
surgery-related parameter influencing stem initial migration.

Fit and fill ratio parameters of cementless stems are other crucial parameters
influencing femoral component stability and clinical outcomes (Ambrosio et al.,
2020; Dotr et al., 1997; Dujardin et al., 1996; C. A. Engh et al., 1990; Laine et al.,
2001; Naidu et al., 1996). A number of parameters including femoral stem design,
the cross-sectional area of the stem, proximal geometry of the femoral canal, and
surgical technique influence the degree of the stem to canal fill ratio (Haraguchi et
al., 2001). The fill ratio in the metaphyseal region is reported as a factor decreasing
torsional micromotions (Callaghan et al., 1992) and improving bone ingrowth
(Cameron et al., 1973). Large gaps between the cortical bone and the femoral
component’s surface result in reduce bone ingrowth and lower mechanical
attachment strength of the implant (Dalton et al., 1995). Custom-designed stems with
an optimal proximal fit and fill may provide the best initial stability for rotation
(Ostbyhaug et al., 2010) but clinically no improvement in long-term stability was
found from using a customized stem design (Nysted et al., 2014). An EBRA-FCA
study also reported that stems which provided a poor fit and fill into the bone with a
lack of cortical contact resulted in significantly higher odds of migration compare to
those with a tight fit (Stihsen et al., 2012). Nevertheless, there is a lack of data to
confirm such an association between poor fit and fill ratio and femoral stem
migration using the RSA measurement system.

2.5 Bisphosphonates and denosumab in joint
arthroplasty

Bisphosphonates and denosumab are two important antiresorptive drugs approved
for the treatment of osteoporosis (Baron et al., 2011). The mechanism of action of
these two treatments is different (Baron et al., 2011). Bisphosphonates have a high
affinity with bone and they inhibit osteoclastic bone resorption (Kennel & Drake,
2009). They inhibit osteoclast activity and thereby reduce bone resorption. The
activation of osteoclasts is a necessary mechanism in bone and mineral homeostasis
(Baron et al., 2011). This process involves two main tasks; the removal of
mineralized bone by osteoclasts through resorption (Schaffler, 2003), and the
formation and mineralization of new bone matrix created by osteoblastic activity
(Bruzzaniti & Baron, 2006; Martin et al., 2009). After menopause and in
osteoporosis patients, the amount of removed bone during resorption by osteoclasts
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surpasses that replaced during bone formation by osteoblasts, resulting in a net loss
of bone mass, and increased skeletal fragility and fracture risk (Russell et al., 2001).
The administration of bisphosphonates can correct this imbalance between bone
resorption and bone formation. Of the currently available bisphosphonates,
etidronate and clodronate are non-Nitrogen (N)-containing-bisphosphonates, whose
antiresorptive potency is at the lower end of the scale, whereas pamidronate,
alendronate, risedronate, ibandronate, and zoledronic acid are N-containing-
bisphosphonates which demonstrate antiresorptive potencies 100 to 10,000 times to
that of etidronate (Russell et al., 1999). The changes in bone resorption and bone
formation can be clinically monitored using serum marker measurements (Bone et
al., 2011).

Denosumab is the first biologic therapy approved for postmenopausal
osteoporosis (Cummings et al., 2009). It is an antibody that binds and inhibits
osteoclasts (Lewiecki, 2018). Denosumab increases BMD in osteoporotic patients
(McClung et al., 2017) and decreases fracture risk (Cummings et al., 2009).
Denosumab can decrease intracortical porosity and increase the volume and
strengthen parameters of both cortical and trabecular bone (already after 12 months
with 60 mg of denosumab injection every 6 months) in the osteoporotic proximal
femur of postmenopausal women (Genant et al., 2013; Zebaze et al., 2016). In a
head-to-head comparison, denosumab resulted in higher BMD gains compare to oral
bisphosphonates therapy (Brown et al., 2014).

Bisphosphonate users have been associated with a decreased risk of requiring
hip arthroplasty revisions (Prieto-Alhambra et al., 2011; Khatod et al., 2015; Teng
et al., 2015). However, there is still a lack of evidence on the clinical benefit of
pharmaceutical interventions in the prevention of periprosthetic fractures, which
emerge as a concern when using cementless THA (Abdel et al., 2016).

2.5.1 Prevention of periprosthetic bone loss

Periprosthetic bone loss is mediated by osteoclast activation in the vicinity of the
stem. Periprosthetic bone loss is acutely due to the surgical trauma and chronically
due to the stress shielding, which is mainly a consequence of the mismatch in
elasticity modulus between the prosthesis and the periprosthetic bone (Kerner et al.,
1999; Sumner, 2015; Yamako et al., 2017). According to a meta-analysis of six
randomized controlled trials, antiresorptive bisphosphonate treatment can be
effective in maintaining the periprosthetic BMD (Bhandari et al., 2005). However,
these studies did not include the analysis of clinically relevant outcomes (functional
outcomes, revision rates, and quality of life). Therefore, it was concluded that the
evidence regarding the beneficial effects of bisphosphonates should be interpreted
with caution (Bhandari et al., 2005). In recent years, randomized clinical trials have
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confirmed the efficacy of postoperative bisphosphonates (in particular, zoledronic
acid and risedronate) in the prevention of periprosthetic bone loss but the clinical
follow-ups (range 4 to 10 years) did not reveal clear benefits in clinical outcome
measurements (Aro et al., 2018; Muren et al., 2015; Skdldenberg et al., 2011).

25.2 Prevention of implant migration

In pre-clinical studies, zoledronic acid enhanced bone ingrowth into porous tantalum
implants as a potential method for the improvement of implant stability (Bobyn et
al., 2005; Bobyn et al., 2009). In contrast, a randomized RSA clinical trial showed
no effects of zoledronic acid on femoral stem migration (Aro et al., 2018).
Furthermore, in a clinical trial, zoledronic acid has been shown to reduce the EBRA-
measured migration of acetabular components in patients with THA-treated for
avascular necrosis of the femoral head (Friedl et al., 2009). However,
bisphosphonate did not show a significant impact on the stem (Friedl et al., 2009)
and cup migrations (Wilkinson et al., 2005) measured by the EBRA method. In a
randomized clinical trial, oral risedronate did not reduce femoral stem migration
measured by the EBRA method (Skoldenberg et al., 2011).

2.6 Assessment of functional recovery

Following THA, it is clinically crucial to restore the walking capacity and to get
patient’s functional as quickly and efficiently as possible. There are several
parameters that can help to assess the functional recovery of patients after THA.
These parameters include gait analysis, monitoring the walking activity of the
patients, and patient-related outcome measures.

2.6.1 Gait analysis

Gait analysis can provide invaluable information on the functional recovery of THA
patients (Queen et al., 2011). Several THA studies have assessed gait changes before
and after the surgery (McCrory et al., 2001; Mont et al., 2007; Meneghini et al.,
2008) and reported an increased range of motion and improved gait after the
operation (Queen et al., 2011). Walking speed is a reliable and sensitive measure
appropriate for assessing and monitoring functional status and overall health in a
wide range of populations including THA patients. Restoration of the normal
walking speed is one of the aims of THA surgey which could be examined using gait
analysis. Previous research has demonstrated that higher walking speeds or more
postoperative improvement in walking speeds are associated with better clinical
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outcomes or more improvement in clinical outcomes (Boardman et al., 2000; Behery
& Foucher, 2014; Foucher 2016).

2.6.2 Walking activity

Monitoring the walking activity could provide decent information on the functional
recovery of the patients after THA (Schmalzried et al., 1998). In addition, the amount
of walking activity might affect the final amount of stem migration. Accordingly, it
is important to monitor the walking activity of the patients after THA. Recently, a
study on the mobility recovery of THA patients in the early postoperative period
showed a clear trend towards increased activity over time (Toogood et al., 2016).
This research suggested that such monitoring may allow for the early identification
of the patients with slow mobility recovery (Toogood et al., 2016). However, up to
now, little attention has been paid to this issue and there has been no detailed
investigation on the impact of the walking activity on the uncemented femoral stem
migrations. The pedometer is an inexpensive investigative tool with many potential
applications, which can be utilized for the assessment of walking activity after THA
(Schmalzried et al., 1998).

2.6.3 Patient-related outcome measures

Several patient-related outcome measures (PROMs) including Harris hip score
(HHS), Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAUC), and Short Form-36 (SF-36) are utilized in monitoring THA patients
(Fairbank & Pynsent, 2000; Gjeilo et al., 2007; Soohoo et al., 2007; Singh et al.,
2016). It is reported that both absolute HHS postoperative scores and HHS score
postoperative changes are predictors of revision risk after primary THA (Singh et
al., 2016). WOMAC and several components of the SF-36 have also shown a similar
level of responsiveness in THA patients (Soohoo et al., 2007).
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3

Aims

The general aim of this thesis was to investigate the impact of patient-related and
surgery-related factors on femoral stem migration after cementless THA in
postmenopausal women. Such knowledge can help to avoid the use of cementless
THA in subjects prone to excessive stem subsidence or rotation. The specific aims
of each study were as follow:

L

I1.

II1.

Iv.
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To verify the accuracy and clinical precision of the model-based RSA for
the migration measurement of a cementless tapered-wedge femoral stem
using a phantom.

To evaluate the effect of an antiresorptive medication, denosumab, on the
bone mineral density changes of the proximal femur and femoral stem
migration after cementless THA in postmenopausal women.

To examine the contribution of patient- and surgery-related factors on the
magnitude of initial femoral stem migration in cementless THA of
postmenopausal women.

To examine if pulse-echo ultrasonometry of distal-radius cortical bone
thickness can predict femoral stem subsidence in cementless THA of
postmenopausal women.



4

Hypotheses

The general hypothesis of this thesis was that implant migration after cementless
THA in postmenopausal women with low systemic BMD is not a random event.
Most likely, there are various patient-related and surgery-related contributory factors
dictating the magnitude of initial femoral stem migration in this major subgroup of
THA patients. The specific hypotheses of each study were as follow:

I.

II.

III.

Iv.

The accuracy of the model-based RSA for the three-dimensional
measurement of stem translation and rotation is equivalent to that of marker-
based RSA. The clinical precision of the model-based RSA is at an
appropriate level that could replace marker-based RSA in the clinical trials
of cementless tapered-wedge femoral stems.

Denosumab therapy started before cementless THR in postmenopausal
women can have a double impact by decreasing periprosthetic bone loss and
thereby reducing the amount of initial femoral stem migration.

In addition to low systemic BMD, other covariates, such as the amount of
physiological loading, likely dictate the magnitude of initial femoral stem
subsidence and rotation.

Preoperative pulse-echo ultrasonometry of the distal radius is able to identify
subjects who are at risk to femoral stem subsidence due to impaired bone
quality.
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3 Patients and study design

This thesis is based on the data analysis of a randomized clinical trial (RCT)
(ClinicalTrials.gov NCT01926158). It was a single-center, randomized, double-
blinded, placebo-control trial. Sixty-seven postmenopausal women aged between 60
to 85 years old were randomly assigned to receive subcutaneous injection of
denosumab 60 mg or placebo 4 weeks before and 22 weeks after cementless THA and
monitored for 48 weeks after the surgery (Figure 5). The trial included only female
patients because postmenopausal women are prone to low BMD compared to aged-
matched men and the main targets of the denosumab treatment (periprosthetic bone
loss and stem migration) are a detrimental consequence of low BMD.

The inclusion criteria was incapacitating primary hip osteoarthritis and Dorr A-
type or B-type femur morphology. Exclusion criteria include severe osteoporosis (hip
or lumbar spine T-score <—4.0), Dorr C-type femur morphology, history of previous
surgery of the index hip, evidence of secondary osteoporosis, rheumatoid arthritis or
any other inflammatory arthritis, hepatic disease, vitamin D deficiency, disorders of
parathyroid function, uncontrolled hyperthyroidism or hypothyroidism, history of
malignancy (except basal cell carcinoma of the skin) within the last 5 years, severe
asthma or chronic obstructive pulmonary disease, ever having used oral or intravenous
bisphosphonates, use of other drugs that affect bone metabolism, Paget’s disease,
alcohol abuse, or mental, neurological, or other conditions that may affect the ability
to perform functional or clinical assessments required by the protocol.

The primary hypothesis for this trial was that denosumab compared with
placebo is effective in preventing periprosthetic bone loss in Gruen zone 7 of the
proximal femur as measured by DXA at 48 weeks. The secondary hypothesis was
that denosumab compared with placebo is effective in the enhancement of bone
bonding (osseointegration) of cementless hip prostheses, as measured by RSA. This
treatment effect is clinically highly meaningful because immediate stability and fast
biologic osseointegration are the key goals of cementless THAs. Accordingly, the
primary endpoint was the percent change from baseline in periprosthetic BMD of
Gruen zone 7 of the proximal femur by 48 weeks. The secondary endpoint was the
change from baseline in three-dimensional translational (um) and rotatory (degrees)
migration of the femoral stems at 48 weeks.
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Figure 5. A flowchart of recruitment, randomization, and follow-ups in the RCT

The mean (95% CI) percentage change of periprosthetic BMD of the proximal femur
in Gruen zone 7 from baseline to 48 weeks in the placebo group was expected to be
about -21% (95% CI -17 to -26) (Alm et al., 2009). Denosumab was expected to



Sanaz Nazari Farsani

cause at least a 50% reduction of periprosthetic bone loss compared to the placebo.
This reduction was considered as a clinically meaningful change resembling the
difference of periprosthetic BMD (zone 7) between women with normal or low BMD
(Alm et al., 2009). The minimum clinically relevant change of periprosthetic BMD
is still unknown, for example, in the prevention of periprosthetic fractures. With a
power of 90% (0=0.05) and a standard deviation of 7%, it was calculated that 28
patients were required in each group in order to detect the expected difference. A
total of 68 patients (34 patients per category) were planned to be recruited in this
trail.

The study was extended for a period of at least 2 years after the last dose of
denosumab (the median after the surgery is 3 years) to investigate if discontinuation
of denosumab might result in reduced BMD (as an adverse event [AE]) to the
pretreatment levels (Bone et al., 2011; Cummings et al., 2018). The study design of
the RCT is illustrated in Figure 6.

Preoperative Postoperative Extension
. ............. : _: -& ............ .‘
-4W Surgery Day +12W +22W +48W +104W
.0 ¢ o0 * *e +

Denosumab Group

Placebo Group

Preoperative period Surgery Day Treatment and observation period

# Study visit with IP injection

4 Study visit with RSA imaging

4 Study visit with periprosthetic BMD screening by DXA
Study visit with cortical bone thickness measurement by ultrasonometry (Bindex)
Study visit with DXA of the systemic BMD

# Study visit with vertebral-fracture assessment using DXA

Figure 6. Study design and assessments during each visit.

The RCT was conducted according to the ethical principles of the Declaration of
Helsinki. The Ethics Committee of the Hospital District of South-West Finland
(decisions 105/2012 and 484/2017) and Finnish Medicines Agency (decision
183/06.00.00/2012, EudraCT 2011-000628-14) approved the RCT and all study
participants provided written informed consent before enrollment.
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§) Materials and Methods

For investigating the effect of patient-related and surgery-related factors on stem
initial migration, the study covered preoperative baseline data (Table 3) including
demographics and subjective data including physical activities, questionaires
(patient-reported outcome measures), radiological evaluation of the proximal femur
and basic laboratory test. The accuracy of the model-based RSA, was assessed using
a phantom experiment. For the accuracy and clinical precision measurement of the
model-based RSA system, high-quality CADs of the combined stem-head models
were utilized. Radiological outcome measures including RSA for the measurement
of implant migration, fit and fill analysis for the assessment of stem to canal fill ratio,
DXA imaging for the periprosthetic bone loss measurement and vertebral-fracture
assessment, and pulse-echo ultrasonometry for the measurement of cortical bone
thicknes, were performed. The clinical outcome was assessed by evaluating the
functional recovery of the patients, patient satisfaction assessment and hip-specific
outcome scores.
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Table 3. Patients characteristics and their values for outcome measures at baseline.

Parameters Value
Age at consent (years)

mean = SD 69.1+5.5

range 60 — 84
BMI (kg/m?), mean + SD 28.0+4.5
ASA

Class I-Il (no. [%)]) 39 (60)

Class lll (no. [%]) 26 (40)
History of low-energy fractures (no. [%])
Yes 17 (26.2)
No 48 (73.8)
25-hydroxyvitamin D (nmol/l), mean + SD 95.8 £ 28.5
Total hip BMD (g/cm?), mean + SD 0.92+0.15
Femoral neck BMD (g/cm?), mean + SD 0.83+0.14
Lumbar spine BMD (g/cm?), mean + SD 1.13+£0.20
Distal radius BMD (g/cm?), mean + SD 0.65 + 0.07
BMD diagnosis (no. [%])*

Normal BMD (T-score = -1.0) 31 (48)

Osteopenia (-2.5 < T-score < -1.0) 32 (49)

Osteoporosis (T-score < -2.5) 2 (3)
Femur cortical thickness (mm), mean + SD 94+16
Canal flare index, mean + SD 3.8+0.7
Size of the femoral stem, median (range) 3(1-6)
Femoral offset (mm)

Preoperative, mean + SD 38.0+4.6

Postoperative, mean + SD 376133
Stem-to-canall fill ratio®

Proximal stem (%), mean + SD 97.8+24

Middle stem (%), mean + SD 85.8+8.4

Distal stem (%), mean + SD 84.6+8.9
Harris hip score, mean + SD 48.4 +14.5
WOMAC score, mean + SD 47.7 £15.7
Rand-36 score

Physical component, mean + SD 33.1+£17.2

Mental component, mean + SD 54.3+18.5
Walking speed (m/s), mean + SD 0.91+0.26
Walking activity® (steps/day), mean + SD 3080 £ 1920
Operation time (minutes), mean + SD 81.9+9.9
Blood loss during surgery (ml), mean + SD 360 £ 150

BMI = body mass index; ASA = Physical Status Classification of the American Society of
Anesthesiologists; BMD = bone mineral density; WOMAC = Western Ontario and McMaster

Universities Osteoarthritis Index,

aBased on T-score of the lumbar spine and the hip. °The ratio of the stem width over the femoral
canal width 10 mm above the lesser trochanter (proximal), 60 mm below the lesser trochanter
(middle), and 25 mm above the stem tip (distal). ‘Pedometer-measured activity during a 7-day period

before surgery.
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Materials and Methods

6.1 Accolade Il hip implant

All the RCT patients received the cementless double-tapered parallel-sided
morphometric-wedge femoral stem, Accolade II®, (Stryker Orthopaedics, Mahwabh,
NJ, USA) with a metallic head and a porous-coated acetabular cup with a
polyethylene liner. The proximal region of the stem is hydroxyapatite (HA) coated
over a titanium plasma spray substrate. The morphometric wedge (an evolution of
the tapered wedge) is characterized by its variable, size-specific medial curvature.
The stem has 12 different sizes and two cervical-diaphyseal angles; a standard offset
of 132° and a high offset of 127° (Figure 7). Accolade II has a custom-design which
is known as SOMA (Stryker orthopedic modeling and analysis) technology. SOMA
is a set of tools that utilizes a comprehensive database of computed tomography (CT)
scans and associate 3D bone models, allowing the user to assess differences in bone
morphology, bone density, and implant fit for research and development (Faizan et
al., 2015). The design of the Accolade II is based on 556 CT scans of cadaveric left
femora. The femora belong to a diverse group of individuals based on gender (57%
male, 43% female), age groups (mean 63 years), and ethnicities (69% Caucasian,
16% Asian and 14% unknown) (Wuestemann et al., 2011).

Figure 7. Demonstration of the Accolade Il hip implant specifications (left) and its size-specific
medial curvature feature (right). Modified from Stryker accolade |l surgical technique
guidebook.
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Mechanical test of this implant proved that its design facilitates initial press-fit
stability and load transmission in the proximal region of the femur (Faizan et al.,
2015). The size-specific medial curvature feature of this stem intended to fit a broad
range of bone sizes and shapes (Figure 7) (Issa et al., 2014). Compared to the first-
generation design of this implant, the newer stem is approximately 15 mm shorter,
the proximal to distal relationship changed and it has a distal lateral relief (Issa et al.,
2014).

6.2 Preclinical phantom experiment

A physical phantom model consisting of the Accolade II hip implant and a plastic
model of the right human proximal femur (model 2021, Sawbone AG, Karlihof,
Switzerland) was constructed. Six tantalum beads with a diameter of 1.0 mm (RSA
BioMedical Innovations AB, Umea, Sweden), were attached to the plastic bone in
the same locations as in the clinical practice (Figure 8-A). The positions of the
markers were selected so that they would not be obscured by the metallic implant.
The stem of the implant was also RSA-marked with three tantalum markers: one in
the shoulder, one in the collar and one halfway along the stem (Figure 8-B). The
femoral head of the plastic bone was cut off and the spongy part of the plastic bone
was rimmed in order to allow the insertion of the femoral stem. A size 6 Accolade II
stem (#6721-0635, Stryker Inc) with a neck angle of 127° was inserted into the
medullary canal of the plastic bone and a size 36 mm metallic head (LFIT anatomic
CoCr, #6260-5-136) was attached to the stem. A titanium alloy cup with the
polyethylene liner (Tritanium®, Stryker Inc.) was firmly fixed to the platform and
attached to the stem in the proper anatomical position of 45° of abduction and 10° of
anteversion. The implant-bone construct was attached to the high-precision x, y, and
z-axis translation (M-460A-XYZ, Newport Corp., Irvine, CA, USA) and rotation
(M-UTR&80, Newport Corp) stages. The translation stage was instrumented with
three Vernier micrometers (model SM 13, Newport Corp) and the micrometers were
attached to a plexiglass base. This experimental set-up allowed highly controlled
translations along the three axes and rotation around the longitudinal axis (Figure 8-
C). Due to technical difficulties with the motion of the implant inside the plastic
bone, the bone was replaced with a @ 80 mm plexiglass tube to achieve an
unrestricted movement of the implant. The positions of the markers in the proximal
side of the tube were kept as close as possible to the positions of the markers in the
plastic bone as well as in the clinical practice (Figure 8-B).
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o

Figure 8. The original phantom model including a total hip prosthesis and a plastic model of the
human proximal femur consisted of six tantalum RSA bone-markers. (B) The femur
model was replaced by a plastic tube with tantalum markers (black circles) to achieve
unrestricted motion of the stem. (B) For marker-based RSA, three implant markers
(shown by black arrows) were attached by plastic studs with a configuration similar to
that of the clinical RSA-marked stems. (C) The implant construct was fixed to a base
plate and the plastic tube was distally attached to an x, y, z translation stage, and a y
rotation stage using micrometers (black arrows) to create a controlled simulation of stem
micromotions in relation to the plastic tube.

For the imaging of the phantom, a uniplanar set-up was used where the film plates
were placed side by side of each other. A uniplanar calibration cage (Cage 43, RSA
BioMedical Innovations AB, Umed, Sweden), shown in Figure 9-A, was placed
under the examination table with a fixed height. The calibration cage contained a
number of tantalum beads (1.0 mm) which were fixed in well-defined positions in
order to allow the construction of a 3D coordinate system. Two x-ray tubes were
utilized; one x-ray unit was ceiling mounted (Philips Optimus 50; Philips Medical
Systems DMC GmbH, Hamburg, Germany) and the other was a portable x-ray unit
(Siemens Mobilett Plus; Siemens-Elema AB, Solna, Sweden). The position of the
X-ray tubes was accurately set so that the x-ray beams crossed each other at the site
of the hip implant. The film-focus distance was set at 165 cm and the angle between
the x-ray tubes at 40° (Figure 9-B).
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Figure 9. (A) Demonstrating the uniplanar set-up that wsa utilized for the RSA imaging of the
implant. (B) One fixed and one portable x-ray tube were positioned so that x-ray beams
crossed each other at the site of the hip implant. The film-focus distance was set at 165
cm and the angle between the x-ray tubes at 40°.

The implant in the plexiglass was aligned to the global coordinate system. The
radiograph with the alignment of the implant with the coordinate system was used
as the reference examination. Based on the recommendations, a standard position
was maintained for the phantom in all radiographs in order to achieve a higher
precision. For motioned imaging of the phantom, the implant was moved in different
directions (translation along x, y, and z-axis and rotation around y-axis). These
micromotions were achieved in one axis at a time by turning one of the micrometers
to a predefined value while the other micrometers were set to zero.

To measure the micromotion of the phantom two RSA software were utilized.
These software calculated the 3D position of each marker followed by a positioning
of the group of markers which construct a 3D rigid body segment. A rigid body is a
system of mass points created in a way that the distance between all the pairs of
points stand fixed even during motion. In the mathematic system, a rigid body could
be described by a point matrix. As the distance between points is fixed, at least 6
elements are needed in order to recognize the exact position of a rigid body; these
are known as a 6 degree of freedom.

The accuracy and precision of the Marker-based RSA were determined by using
UmRSA (RSA BioMedical Innovations AB, Umea, Sweden, version 6.0) software.
RSA imaging of the phantom was repeated twenty times for different experimental
set-ups (micromotions).
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6.2.1 Marker-based and model-based RSA of the phantom

In marker-based RSA, the software calculated the motion of the stem (first rigid
body) against the proximal femur (second rigid body) with the help of the coordinate
system (Bottner et al., 2005). In this way, relative displacements between two
segments (bone and implant) can be calculated from sequential pairs of radiographs
(Figure 10). Three tantalum markers and the head of the implant are used as
landmarks to calculate the migration of the implant. For comparison, the images
were also marker-based analyzed with the model-based RSA software application
(Medis specials, Leiden, The Netherlands, version 3.34).

In model-based RSA, a virtual 3D surface model of the implant is projected in
each image pair. This model is then matched to the actual model of the implant which
is made by an edge detection algorithm. The initial 3D surface model is then rotated
and translated by the pose estimation algorithm until the best match between the
actual and virtual model happens. In this way, the micromotion of the implant could
be determined (Seehaus et al., 2013; Valstar et al., 2001) (Figure 11). The CAD
models utilized in this study were combination CAD models of the stem and head
(Prins et al., 2008). The CAD models of the implant’s stem and head were provided
by Stryker Europe Inc. They were converted to the MB RSA format by Leiden
Biomechanics and Imaging Group (Dept. of Orthopaedic Surgery, Leiden University
Medical Center, Leiden, Netherlands). In both measurements, the metallic head of
the implant served as an additional large marker.

Figure 10. Demonstration of the femoral stem migration measurement using the marker-based
RSA. The software calculates the relative motion of the femoral stem against the
proximal femur using the coordinate system created by bone and stem markers.
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Figure 11. Demonstration of the femoral stem migration measurement using the model-based
RSA. The software calculates the virtual 3D combined stem-head surface model of the
implant. The model is matched to the actual model of the implant which is made by an
edge detection algorithm in each image pair. The initial 3D surface model is then rotated
and translated by the pose estimation algorithm until the best match between the actual
and virtual model happens and the migration of the stem is calculated.

6.3 Evaluation of the patient-related factors

Preoperative demographics and functional activity of the enrolled subjects, plus their
postoperative activity was monitored in order to discover clinically important factors
for preoperative prediction of stem migration in postmenopausal women planned to
have cementless THA.

6.3.1 Canal flare index and femoral offset

Canal flare index was measured from preoperative anteroposterior digital
radiographs of the operated hips using computerized methods (Rhinoceros software,
version 3.0SR5b, Robert McNeel & Associates, Seattle, USA). The CFI was
calculated as the ratio of D to G (Noble et al., 1995), where D is the metaphyseal
width 20 mm proximal to the most prominent point of the lesser trochanter, and a
modified G, defined as the width of the intramedullary femoral isthmus 100 mm
distal to the lesser trochanter (Figure 12).
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Figure 12. Canal flare index was measured as the ratio of D to G. Femoral offset (FO) was
measured as the perpendicular distance from the center of femoral head rotation to the
longitudinal axis of the femur. The acetabular offset (AO) was also measured as the
distance from the center of the femoral head to a line perpendicular to the teardrop. The
Global offset was calculated as the sum of FO and AO.

The femoral offset (FO) was assessed by measuring the perpendicular distance from
the center of femoral head rotation to the longitudinal axis of the femur (Mahmood
et al., 2016). The acetabular offset (AO) was also measured as the distance from the
center of the femoral head to a line perpendicular to teardrop (vertical trans-teardrop
line) (Flecher et al., 2016). The Global offset (GO) was calculated as the sum of FO
and AO (Figure 12).

Cortical bone thickness at the level of 15 mm below the lesser trochanter was
also measured from anteroposterior digital radiographs of the operated hips medial-
lateral cortex preoperatively with the same computerized method (Rhinoceros
software, version 3.0SR5b, Robert McNeel & Associates, Seattle, USA).

6.3.2 DXA and pulse-echo ultrasonometry

Systemic and local BMD (g/cm?) were measured using DXA (Hologic Discovery A,
Software 13.4.2, Hologic Inc., Marlborough, MA, USA). Systemic BMD was
assessed before the surgery, at 48 weeks postoperative, and during the extension
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study period. The periprosthetic BMD was measured at 12, 22, and 48 weeks after
the surgery (Figure 13). The same DXA machine was utilized for subjects at all time-
points. DXA measurements were performed according to the manufacturer’s
guidelines at three anatomical sites: lumbar-spine (from L1 to L4), left and right
femur, and distal-radius of the non-dominant hand. The BMD was measured in the
three mentioned anatomic locations because hip osteoarthritis can be associated with
a higher femoral neck BMD (Glowacki et al., 2010) and BMD measurements with
the purpose of systemic osteoporosis diagnosis should be performed at sites distant
from the joints affected by osteoarthritis (Lingard et al., 2010). Patients were
classified into normal and low BMD groups based on the lowest T-score of the hip
and the lumbar-spine. The cut-off level of the DXA measurements was defined as a
T-score between -2.5 to -1.5 for osteopenia and a T-score of -2.5 or below for
osteoporosis (Table 2, page 21).

Figure 13. lllustrating of seven Gruen zones in DXA periprosthetic evaluation.

In the extension period of the study, VFA was examined using DXA (McCloskey et
al., 2008) and Genant’s classification of vertebral fractures (Genant et al., 1993) was
also applied. The classification was based on the measurements of reductions in
anterior, middle, and posterior heights of the vertebral body and the classification for
deformities of shape (wedge, biconcave, crush) (Figure 14).
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Figure 14. Demonstration of the vertebral-fracture assessment using DXA. Genant’s classification
was performed based on the measurements of reductions in anterior, middle, and
posterior heights of the vertebral body and the classification for shape deformities.

Bone ultrasonometry was performed using a Bindex device (Bone Index Finland Ltd,
Kuopio, Finland) (Figure 15). Preoperatively, the RCT patients underwent multi-site
pulse-echo ultrasonometry of the apparent cortical-bone thickness on predetermined
sites according to the recommended technique (Karjalainen et al., 2018; Schousboe
et al.,, 2017). These sites were localized using distance measurements from the
anatomic landmarks including the distal radius at onethird of the distance from the
radial styloid process to the proximal radial head, and the proximal and distal tibia
at one-third and two-thirds the distance from the knee joint space to the medial
malleolus, respectively. The measurements were performed by one of the two study
physiotherapists. The examiners were blind to the DXA results. Five successful
repeated measurements in each location were taken and averaged. After completion
of the measurement protocol for each subject, the device calculated the density index
(DI- g/m?) by combining the thickness measured values with patient characteristics
including age, weight, and height. The intraobserver and interobserver variations,
presented as a coefficient of variation (CV) of the measurement of density index,
were analyzed using triplicate measurements of the 3 anatomic locations in an
uninterrupted sequence in 45 patients. The test-retest variability was 4.3% (95% CI,
3.5-5.1) for the triplicate measurements, and CVs of the 2 examiners were 3.9% and
4.7%.
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Figure 15. (A) Bindex device including USB pulser unit and transducer are demonstrated. (B) An
example of the apparent cortical bone thickness measurement at the proximal tibia is
shown. (From: Karjalainen et al., 2016 © Reprint with permission).

6.3.3 Computed tomography of cross-sectional muscle size

A preoperative cross-sectional area of the gluteal muscles was measured using
computed tomography (CT) images. The optimal geometric level of all CT images
was determined by means of bony landmarks (Rasch et al., 2009). In this level, the
cross-sectional areas of the gluteus maximus, gluteus medius, gluteus minimus, and
iliopsoas muscles were measured for both left and right sides (Figure 16). All the
image analyses were performed by ImageJ software (version 1.501).

Figure 16. Measurement of the cross-sectional gluteal muscle from CT images; gluteus maximus
(pink), gluteus medius (blue), gluteus minimus (yellow), and iliopsoas (green).

48



Materials and Methods

6.3.4 Walking activity monitoring using pedometer and gate
analysis

The functional capacity of the enrolled subjects was evaluated at baseline, before
surgery, and repeatedly after surgery up to 48 weeks using the gait analysis system
(RehaWatch, Hasomed GmbH, Germany) (Schwesig et al., 2011). Patients were
asked to walk with a self-selected comfortable walking speed along a 10-meter
walkway (RehaWatch®, Hasomed GmbH, Germany) (Foucher, 2016). Several gait-
obtained parameters including walking speed (m/s), stride length (normalized to
height), and stride time (% cycle) were recorded.

To assess the physical activity of the patients, their daily walking activity was
recorded pre and postoperative. Accumulated walking steps were counted daily
using digital pedometers. A pedometer is a reliable tool for the assessment of the
walking ability of THA patients (Schmalzried et al., 1998). Subjects were asked to
wear a pedometer from the time as they got up in the morning and until they went to
bed at night. Each patient recorded the number of steps per day as counted by the
pedometer for periods of 7 days that were representative of their usual activity. The
median value of the number of steps measured each day of the 7 days was calculated
and applied as a measure of walking activity.

6.3.5 Patient-related outcome measures

Five standard patients reported outcome measures (HHS, WOMAC, SF-36, BPI, and
Oswestry low-back pain) were applied to assess the patients’ opinion about their hip
preoperatively and their subjective recovery from the surgery postoperatively. These
PROMs have been considered to be necessary for global assessment of total
arthroplasty outcomes in individual patients.

Harris hip score (HHS) (Harris, 1969) is a physician assessment of localized pain
and physical functioning. It ranges from 0 to 100 (100 indicates the best possible
outcome) based on the degree of pain, function, and range of motion in THA patients
(Soderman et al., 2001).

Western Ontario and McMaster Universities Arthritis Index (WOMAC) is a
disease-specific PROM tool widely used in clinical trials of hip and knee
osteoarthritis patients (McConnell et al., 2001). The questionnaire includes 24
questions on three subscales: five assessing pain, two assessing stiffness and 17
assessing physical function. Each item was scored as follows: 0 (none), 1 (mild), 2
(moderate), 3 (severe) and 4 (extreme). Item scores were summed to produce a
WOMAC total score (possible 0-96) with higher scores indicating poorer health.

The short form-36 (SF-36) is the most widely used health-related quality-of-life
measure in research (Laucis et al., 2015) and a variety of clinical populations
including THA patients (Lieberman et al., 1997; Soohoo et al., 2007). Scores are
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based on responses to individual questions in which subjects rate 36 items on a 5-
point Likert scale. Items are grouped into 4 subscales (physical functioning, role
physical, bodily pain, and general health) that are combined into a physical
component summary and into 4 subscales (vitality, social functioning, role emotional
and mental health) that were combined into a mental component summary. The
summed scores were transformed into a 0-100 scale, following a designated scoring
algorithm, with the higher scores reflecting better quality of life.

Brief pain inventory (BPI) is a questionnaire developed to assess the severity of
pain and the impact of pain on daily function. Using BPI-Short Form, subjects were
asked to rate their pain severity in a four-item questionnaire and the interference of
pain with daily activities in a seven-item questionnaire. The mean score (range 0 to
10) for pain severity and the mean score (range 0 to 10) for the interference of pain
with daily activities were recorded.

In the extension period of the study, the patients were asked to complete an
Oswestry low-back pain questionnaire which is an important tool for the assessment
of patient's permanent functional disability (Fairbank & Pynsent, 2000). The
Oswestry low-back pain questionnaire is considered to be the gold standard as a low
back functional outcome tool (Fairbank & Pynsent, 2000). The scores for all
questions answered were summed to obtain the index (range 0 to 100), with low
scores (0 to 20) indicating no or minimal disability.

6.4 Evaluation of surgery-related factors

6.4.1 Stem-to-canal fill and fit analysis

Fit and fill measurements were performed on the anteroposterior digital radiographs
using computerized methods (Figure 17) (Rhinoceros software, version 3.0SR5b,
Robert McNeel & Associates, Seattle, USA). Stem fit was measured as the gaps
between the stem and cortical bone in three anatomic locations; 1) 10 mm above the
lesser trochanter (medial-proximal section), 2) 60 mm below the lesser trochanter
(medial- and lateral-middle section) and 3) 25 mm above the tip of the stem (medial-
and lateral-distal section) (Issa et al., 2014). The overall stem-to-canal fill ratio was
also calculated as the ratio of the width of the stem over the width of the femoral
canal in the three defined locations (Issa et al., 2014). The lateral gap in the proximal
section of the stem was not taken into account for the fit and fill analysis. The reason
was that Accolade II is not designed for being in contact with cortical bone laterally
in the proximal section. Femoral offset, acetabular offset and global offset were also
measured postoperatively (within 3 days after surgery) from AP radiographs.
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Figure 17. Stem to canal fill ratio measurements in the proximal (10 mm above the lesser
trochanter), middle (60 mm below the lesser trochanter), and distal (25 mm above the
prosthesis distal tip) section of the femoral stem. Implanted RSA bone markers are
shown with yellow circles.

6.5 Data analysis and statistical methods

A number of statistical analyses were utilized in the studies of this thesis. Statistical
methods were chosen according to each study question. Continuous data were tested
for normal distribution (using Kolmogorov-Smirnov test) and equal variance (using
Levene’s test) before performing statistical analyses. Data that meet the assumptions
of normality and homogeneity of variance were analyzed using a parametric test
otherwise equivalent nonparametric tests were utilized. Statistical significance was
set as a p-value less than 0.05. All the statistical analyses were performed using SAS
System version 9.4 (SAS Institute, Cary, NC, USA) and/or IBM SPSS Statistics
version 25.0 (IBM Corp, Armonk, NY, USA).
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6.5.1 Study related data analysis

Study |

The accuracy of the RSA systems (Marker-based and model-based) was calculated
astx SD/ 2, where t was the critical value of the two-tailed 95% t-distribution
with eight degrees of freedom and SD was the standard deviation of the differences
between the RSA-measured micromotions and the actual micrometer-created
movements (Derbyshire et al., 2009).

The clinical precision of model-based RSA system was determined using double
examinations of trial patients. The clinical precision was calculated as t x SD, where
t is the critical value of the two-tailed 95% t-distribution with 23 degrees of freedom
(24 double examinations) and SD is the standard deviation of the differences
between the double examinations (Derbyshire et al., 2009).

For the direct comparison of the established technique (marker-based RSA) and
model-based RSA, we performed Bland—Altman plots with 95% limits of agreement
(mean difference + 1.96 x SD). Using Bland-Altman plots the degree of agreement
between two RSA measurement methods was assessed. The difference between the
two paired measurements was plotted against the mean of the two measurements.

Study Il

The primary (percentage change in bone loss) and secondary (implant migration)
endpoints measured at 48 weeks after the surgery, were analyzed using linear mixed-
effects models for repeated measures. The same approach was also utilized for the
intergroup comparison of the variables at different time points including 12, 22, and
48 weeks postoperatively. The primary and secondary aims of the study were
investigated while data were adjusted for covariates of interest, including age, BMI,
preoperative hip and spine BMDs, CFI, stem size, and stem to canal fill ratio.

Study Il

The two trial groups (denosumab and placebo-treated subjects) did not differ in stem
migration (study II). Accordingly, the groups were combined for the analyses applied
in study III. Nevertheless, the treatment groups were considered as a controlling
factor in the statistical analyses of study III.

To identify significant contributing factors to stem initial migration, analysis of
covariance (ANCOVA) was utilized. The randomized treatment groups of the
original RCT (study II) and outliers were considered as explanatory variables in all
the analyses. Moreover, one of the following explanatory factors was also added to
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the models. These factors include: age, body mass index (BMI), preoperative fitness
classified according to the American Society of Anesthesiologists (ASA class),
serum 25(OH)D-vitamin level, total hip BMD, femoral neck BMD, distal radius
BMD, canal flare index, femoral stem size, stem-to-canal fill ratio, femoral cortical
bone thickness, normal or high-offset model of the femoral stem, femoral and global
offset, gluteus muscle size, preoperative Harris hip score and WOMAC score,
preoperative and postoperative (at 3 months) walking speed, and walking activity.

To further investigate the effect of walking activity on femoral stem initial
migration, the cohort was divided into two groups based on the median value of daily
walking activity (2600 steps/day) measured 3 months after surgery. The two groups
(subjects with walking activity < or > 2600 steps/day) were compared in relation to
stem subsidence and rotation using an independent-sample two-tailed t-test.

Study IV

ROC curves data were utilized to obtain cutoff values, corresponding to the
maximum sum of sensitivity and specificity in discrimination of stem subsidence
more or less than 2 mm. The threshold of 2 mm was the corresponding median value
of the cohort and the standard threshold defined as subsidence for Accolade II stem.
(Grant et al., 2017). ROC curves were created by plotting the true positive rate
(sensitivity) against the false positive rate (1 - specificity). The accuracy of the
classification of subjects to groups with less or more than 2 mm subsidence was
estimated using the area under the curve (AUC).

6.5.2 Issue of outliers and missing data

The original study (study II) of the RCT was conducted based on the intention-to-
treat principle without any exclusions or exploration of outliers. However, outliers
with excessive stem subsidence and/ or rotation were considered in the analysis of
study III and I'V. Reporting RSA results in a universal way including identification
and interpretation of the outliers can improve the predictive potential of RSA values
(de Vries et al., 2014) and allow a more reliable comparison of the THA outcomes
using this technique.

The outliers were detected as Xi> Q3 + (1.5 X IQR) and Xi < Q1 - (1.5 x IQR),
where Q1 and Q3 represent the first and third quartile limits, respectively, and the
interquartile range (IQR) represents the difference between Q1 and the Q3 limit.
After the exclusion of outliers from the data, the subsidence and rotation data showed
normal distributions.
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7 Result

71 Accuracy and precision of model-based RSA

The accuracy of the model-based RSA was 30 pm for the measurement of stem
subsidence (translation along y-axis) and 0.39 degrees for the measurement of stem
rotation (around the y-axis). The corresponding accuracies of the marker-based RSA
were 60 um for the measurement of stem subsidence and 0.18 degrees for the
measurement of stem rotation. Bland—Altman plots, applied to assess the degree of
agreement between the model-based and marker-based RSA, showed no systematic
difference between the two measurements (the bias) (Figure 18).
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Figure 18. Bland—-Altman plots for the comparison of model-based and marker-based RSA in the
measurement of micromanipulator-induced stem translation (A) and rotation (B) along and
around the y-axis in the phantom model are shown. The y-axis shows the difference between
the model-based and marker-based RSA measurements which was calculated for each
increment of micromovements. The x-axis demonstrates the mean of the two
measurements. The two methods showed good global agreement for the measurement of
both y-axis translation and rotation (B). The dashed line represents the mean of the
differences, which was close to zero in each comparison, suggesting that model-based RSA
measurements were not biased. The two solid lines represent the 95% limits of agreement.

Based on the least precise axis (rotation around the y-axis) and assuming a difference
of 0.4 degrees in stem rotation between the two groups, the calculated number of
patients required for a randomized model-based RSA trial was 13 per group.
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Based on double examinations of trial patients, the clinical precision of the
model-based RSA was 110 um for the measurement of stem subsidence and 1.04
degrees for the measurement of stem rotation.

7.2 Efficiency of denosumab intervention in
cementless THA

7.2.1 Intervention and clinical outcome

Sixty-five (97%) randomized subjects out of 67 received the allocated treatment and
completed the 2-year trial. There were no dropouts in the denosumab-treated group
(n=33) and two dropouts in the placebo-treated group (n=34).

All subjects recovered from the surgery without major surgical complications.
None of the subjects experienced periprosthetic infection, postoperative dislocation,
or a periprosthetic fracture. No revision surgery was performed. At two years, all of
the stems were radiographically classified as stable and osseointegrated according to
the fixation and stability score.

The denosumab and placebo groups showed no statistical differences in walking
speed and walking activity. Preoperatively, 71% of the subjects had a walking speed
below the critical level of 1.1 m/s. The walking speed improved by 0.25 m/s (95%
CI 0.17-0.33) in the denosumab group and by 0.23 m/s (95% CI 0.12-0.34) in the
placebo group during the first postoperative year.

All mean values of PROMs improved compared with the preoperative values
and there were no statistical differences between the two groups. Within three
months, 61% of denosumab-treated subjects and 56% of the placebo-treated subjects
achieved the minimum clinically important difference of HHS (= 18 points).
Correspondingly, 61% of denosumab-treated subjects and 59% of the placebo-
treated subjects achieved the minimum clinically important difference in the
WOMAC total score (> 25 points ) within three months.

The incidence of adverse events (AE) and serious adverse events (SAEs) was
balanced in the two groups. No event showed a causal relationship to denosumab.
No event was adjudicated as osteonecrosis of the jaw, atypical femur fracture, or a
clinical vertebral fracture. The most common AE was low-back pain. After
discontinuation of denosumab, there were no intergroup differences in severity of
low-back pain and/or interference of low-back pain with daily activities.
Postoperative magnetic resonance imaging (MRI) performed in 13 denosumab-
treated and 11 placebo-treated subjects with radiating low-back pain, revealed
relative lumbar spine canal stenosis or severe lumbar disc degeneration. Based on
vertebral fracture assessment performed during the off-treatment period, seven
subjects of both groups had one or more (> 2) deformed vertebra. Grade 2 vertebral
deformity (moderate crush or wedge) was found in six subjects of both groups.
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7.2.2 Periprosthetic bone loss

Denosumab significantly decreased bone loss in the medial calcar (zone 7) and
maintained or even increased periprosthetic BMD above the baseline in the clinically
relevant regions of the proximal femur, namely in zone 1, 2 and 6 (Figure 19). As the
reference, the placebo-treated subjects showed periprosthetic bone loss in all these
zones (Figure 19). The intergroup differences of periprosthetic BMD were significant
throughout the proximal zones (zones 1-2 and zones 6-7) and in the entire periprosthetic
region (zones 1-7 combined) by the end of the first postoperative year. Concurrently,
denosumab-treated subjects showed a significant increase in the contralateral total hip
BMD and the lumbar spine BMD but not in the distal radius BMD.

After discontinuation of denosumab, the periprosthetic BMDs of the denosumab
group approached the levels of the placebo group by 3 year point. BMDs of the
contralateral hip and the lumbar spine also decreased in response to discontinuation
of denosumab, but the mean values remained at the upper CI levels of the placebo
group at 3 years.
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Figure 19. Least-square (LS) mean changes from baseline of the periprosthetic bone mineral
density (and 95% CI) in Gruen zones 1 + 2 (the greater trochanter region) (A and C)
and Gruen zones 6 + 7 (the calcar and the lesser trochanter region) (B and D). The
whole Gruen zones are demonstrated in figure E (Modified from: Alm et al., 2009). The
red-hatched zones demonstrate the 95% CI of the placebo group at 48 weeks. Results
are based on the linear mixed-effects model for repeated measures including intergroup
comparison at each time point (*** p < 0.001).
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7.2.3 Initial femoral stem migration

There were no significant differences between the two groups (denosumab and
placebo) in the stem translation (subsidence) and rotation along and around the Y-
axis (Figure 20). In both groups, stem translation and rotation occurred mainly
during the first 12 weeks. Furthermore, denosumab had no effect on stem translations
along and rotations around the other axes compared to the placebo group. The
intergroup differences remained insignificant even after adjustments for age, BMI,
local BMD, systemic T-score, canal flare index, stem size, and stem-to-canal fill
ratio.
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Figure 20. Least square mean (LS) changes from baseline (and 95% CI) of the stem translation
along the y-axis (A) and rotation around y-axis (B). Results are based on the linear
mixed-effects model for repeated measures including intergroup comparison at each
time point.

7.3 Factors contributing to initial femoral stem
migration

Since the treatment response to denosumab was not associated with any reduction of
initial stem migration, further analyses were focused on discovering the underlying
factors related to stem migration. This was possible because the original trial
protocol was designed to account for different potential confounding factors that
might affect the initial femoral stem migration.

57



Sanaz Nazari Farsani

7.3.1 Demographics and surgical variables

In the reanalysis of the trial data, the ANCOVA analysis (controlled for outliers and
treatment group of the RCT) revealed that none of the preoperative patient-related
and surgery-related variables had a significant effect on stem subsidence (Table 4).
Three factors showed a trend (p < 0.1) toward an impact on stem subsidence. These
factors include total hip BMD (p = 0.075), canal flare index (p = 0.097), and ASA
(p = 0.090). However, when these three factors were included into a single model,
none of them showed a significant effect on stem subsidence. For the femoral stem
rotation, total hip BMD (p = 0.027) and femoral neck BMD (p = 0.011) showed
significant impact (Table 4).

Table 4. Summary of ANCOVA results for the patient’s baseline characteristics and femoral stem
migration along and around y-axis.

Parameters Translation Rotation
(Far) P value (Far) P value
Age (years) (0.861) 0.359 (0.341) 0.564
BMI (kg/m?) (1.501) 0.225 (1.121) 0.294
D-vitamin (nmol/l) (1.204) 0.278 (2.704) 0.106
Total hip BMD (g/cm?) (3.291) 0.075 (5.174) 0.027*
Femoral neck BMD (g/cm?) (1.991) 0.164 (6.951) 0.011*
Lumbar spine BMD (g/cm?) (0.084) 0.782 (0.214) 0.651
Distal radius BMD (g/cm?) (2.224) 0.141 (1.424) 0.238
Lowest T-score (1.4940.227 (1.974) 0.166
Femur cortical bone thickness (mm) (0.004) 0.967 (1.134) 0.292
Canal flare index (2.844,0.097 (0.181) 0.676
Size of the femoral stem (0.475) 0.798 (0.955) 0.454
Offset of the femoral stem (Normal/high) | (1.694) 0.199 (0.224) 0.642
Stem-to-canal fill ratio (Middle stem) (2.054) 0.158 (0.164) 0.693
Femoral offset (mm) (0.314) 0.578 (0.224) 0.638
Global offset (mm) (0.661) 0.420 (0.161) 0.692
Harris hip score (0.274) 0.604 (0.144) 0.714
ASA score (2.512) 0.090 (0.152) 0.864
Gluteus muscle size (mm?) (0.414) 0.527 (0.154) 0.698
Walking speed (m/s) (0.701) 0.405 (0.014) 0.931
Walking activity (steps/day) (0.184) 0.676 (1.394) 0.243

F = F-ratio adjusted for the covariates. df = Degrees of freedom. * P value < 0.05.
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7.3.2 Postoperative walking activity

Postoperative walking activity was associated with the amount and direction of the
stem rotation (Figure 21). Subjects who had higher walking activity (equal or above
the cohort median of 2600 steps/day measured at 3 months postoperatively) showed
internal rotation (retroversion). The mean difference compared to the baseline
position was 1.52 degrees (95% CI 0.50 to 2.53). However, subjects with walking
activity below the median maintained the original position around the y-axis. The
mean difference compared to the baseline position for this group was -0.24 degrees
(95% CI -1.08 to 0.60). The relationship between the direction of stem rotation and
the level of walking activity was evident in the cohorts with and without outliers.
There was a positive correlation between walking activity and spontaneous walking
speed (Pearson correlation r = 0.350, p = 0.012). At 3 months, walking speed was
0.94 m/s (95% CI 0.83 to 1.03) in subjects with a walking activity of < 2600
steps/day and 1.06 m/s (95% CI 0.98 to 1.13) in subjects with a walking activity of
> 2600 steps/day.
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Figure 21. Impact of walking activity (categorized by median value) on the femoral stem subsidence
and rotation. Values are means and bars show 95% Cls. Outliers were excluded for the
analysis. Subsidence is marked by the negative sign of distal-proximal translation along
the y-axis. Internal rotation (retroversion) is marked as positive and external rotation
(anteversion) negative.

7.4 Pulse-echo ultrasonometry in prediction of
stem migration

Stem migration is almost an inevitable event in women with decreased systemic
BMD. However, osteoarthritic hip might alter the real value of femoral neck BMD
by a higher value. Consequently, this counterfeit BMD fails to predict stem
subsidence. Accordingly, the distal radius is an optional site for the evaluation of
systemic BMD in patients with hip osteoarthritis. ROC curve analysis of the pulse-
echo ultrasonometry of the radius cortical bone thickness showed that a cut off value
of 2.33 mm can discriminate subjects with stem subsidence below or above the 2
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mm (the median of the cohort subsidence) (Figure 22-A). This cut-off value resulted
in an AUC of 0.73 (95% CI 0.584 to 0.867; p = 0.005).

As a reference analysis, the ROC curve of the distal radius BMD (measured by
DXA) resulted in a cutoff value of 0.668 g/cm? for discriminating between stem
subsidence of below and above the 2 mm (Figure 22-B). The AUC value was 0.74
(95% CI 0.603 to 0.871; p = 0.002). However, total hip BMD of the operated hip
failed to discriminate between acceptable and unacceptable femoral stem
subsidence. The AUC value was 0.588 (95% CI1 0.435 to 0.741) (p = 0.26).
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Figure 22. ROC curve analysis of the radius cortical bone thickness (A) and distal radius BMD (B)
for the assessment of cut off values able to discriminate subjects with femoral stem
subsidence higher or lower than the cohort median value of 2 mm. Cortical bone

thickness was obtained using pulse-echo ultrasonometry, and radius BMD was obtained
using DXA.
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8 Discussion

8.1 Model-based RSA for the measurement of
femoral stem migrations

Our phantom experiment on the assessment of model-based RSA accuracy
demonstrated that model-based RSA can yield comparable accuracy to that of the
marker-based RSA if particular considerations are taken into accounts. These
considerations include the application of high-quality (Kaptein et al., 2006; Seehaus
et al., 2013) combined stem-head CAD models (Prins et al., 2008), standard
radiographic setup, accurate patients positioning (Gascoyne et al., 2014; Mékinen et
al., 2004), and enough and accurate configuration of bone markers (Ryd et al., 2000;
Madanat et al., 2005). Our model-based accuracy was close to that of our marker-
based accuracy and those marker-based accuracies (from 0.01 to 0.5 mm and 0.02 to
1.15 degrees [Karrholm, 1989; Selvik, 1989; Valstar et al., 2002; Onsten et al.,
2001]) and model-based accuracies (from 0.14 to 0.22 mm and 0.1 to 0.52 degrees
[Kaptein et al., 2006; Seehaus et al., 2013; Valstar et al., 2001]) observed in previous
phantom studies. However, the head-to-head comparison of the accuracy values
reported in different studies is not legitimate. Unlike the clear definition of the
accuracy (Derbyshire et al., 2009), researchers reported different terms (such as the
mean and standard deviation and/or confidence interval of the difference between
applied and measured micromotions) as the accuracy.

It is important to clarify the difference between accuracy and precision in order
to avoid the misselection of these two terms. Accuracy demonstrates how close the
measurement results are to the ground truth, while precision refers to the closeness
of the measurements when they are repeated. An accuracy assessment is only viable
using phantom and simulation of the micromotions using micrometers. Since the
accuracy of the model-based RSA depends on the shape of the stem, it is essential to
evaluate the accuracy before using model-based RSA as an alternative to marker-
based-RSA. Measurement of the precision using phantom models (in vitro precision)
(Prins et al., 2008) neither guarantees high accuracy of the measurements nor similar
clinical precision. As is reported by Prins et al., (2008), the clinical precision for the
translation along the y-axis was much lower than that of the phantom even in
combined head-stem model-based RSA (phantom precision of 0.06 mm vs clinical
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precision of 0.19 mm for Mallory/Head stem and phantom precision of 0.02 mm vs
clinical precision of 0.07 for Stanmore stem). It is clear that maintaining a fixed and
standard positioning for the double examination is more challenging with patients
(clinical) compare to the phantom.

Our study showed a lower accuracy for the model-based RSA (compared to
marker-based RSA) for rotation around the y-axis. This inferior accuracy is assumed
to be due to the nature of the model-based RSA. Application of model-based RSA
for the assessment of femoral stem migration is reported to suffer from lack of
precision due to the unfavorable geometry of the femoral stem (in particular tapered
round stems), and inaccuracies and low quality of the CAD models (Kaptein et al.,
2006). It is already known that the accuracy of the rotation around the axis of
symmetry of axially symmetric objects does not change the contour of the projected
image to as large as degree as motion about non-symmetric axes (Seehaus et al.,
2013).

The clinical precision of our model-based RSA was in line with those reported
by previous research for the translation (0.07 to 0.25 mm) and rotation (0.20 to 3.12
degrees) (Prins et al., 2008; Li et al., 2014; Lindgren et al., 2019).

8.2 Efficacy of denosumab in cementless THA

The results of the study II indicated that denosumab increased the BMD in the greater
and lesser trochanter along with the entire periprosthetic regions at week 48, as
compared to the baseline measurements. This type of strong response was a novel
finding. A recent study on the effect of denosumab in prevention of early
periprosthetic bone loss after cementless THA confirmed our results (Nystrom et al.,
2020). In that study, the BMD in the denosumab group was 32% higher (compared
to 12.8% in our study) in the Gruen zone 7 as compared to the placebo group after
12 months. The patient population of these two studies was different. Our study
included only postmenopausal women while the other study only included young
and middle-aged patients without osteoporosis, which are not the typical population
for whom denosumab is indicated (Shao & Wu, 2020). The increase of periprosthetic
BMD in our study was less compared to the other study in the Gruen zone 7 (-5.3%
versus 3% compared with baseline) and in the entire periprosthetic region (5.5%
versus 11% compared with the placebo). The reason behind this variance refers to
the different responses between young and elderly patients (Shao & Wu, 2020)
considering the fact that preoperative low BMD results in further periprosthetic bone
loss (Kerner et al., 1999; Venesmaa et al., 2003).

In our trial, denosumab increased periprosthetic BMD above the baseline in the
greater (zone 1) and lesser trochanteric regions (zone 6) and in the entire
periprosthetic region. This type of strong response has not been observed in trials
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with oral risedronate (Skdldenberg et al., 2011) or intravenous zoledronic acid (Aro
et al., 2018). Concerning Gruen zone 7, the primary treatment responses of the oral
risedronate, intravenous zoledronic acid, and alendronate in previous trials were
similar to that of the denosumab in our trial. All these drugs decreased bone loss
compared with a placebo at 6-12 months (Aro et al., 2018; Skoldenberg et al., 2011;
Tapaninen et al., 2010; Venesmaa et al., 2001).

The long-term impact of antiresorptive therapies is different from the primary
effect. In trials of zoledronic acid (5 years) (Aro et al., 2018) and risedronate (4 years)
(Muren et al., 2015), there was a similar bone loss of about 20% in zone 1 and 7 in
all patients. In the alendronate trial, (Tapaninen et al., 2010), there was 16% decrease
in zone 1 and 28% decrease in zone 7 in the control group. Although the alendronate
group showed less bone loss in these zones, the differences compared with the
placebo group were not statistically significant (Tapaninen et al., 2010).
Accordingly, it could be concluded that, although these drugs prevent periprosthetic
bone loss postoperatively, a decrease in periprosthetic BMD accelerates when
therapy is discontinued and no effect is seen at 4-5 years. In our trial, after
discontinuation of denosumab, the periprosthetic BMDs of the denosumab group
approached the levels of the placebo group after 3 years. Compared with baseline,
periprosthetic BMD of the medial femoral neck (zone 7) was —12.6% in the
denosumab group and —17.3% in the placebo group after 3 years. In fact, our
extension study confirmed that the action of denosumab is reversible (Baron et al.,
2011). The recent study by Nystrom and coworkers also confirmed that the effect of
denosumab in the prevention of periprosthetic BMD diminishes after discontinuation
of treatment (Nystrom et al., 2020).

When the efficacy of the bisphosphonates was compared between cemented and
cementless THAS in a review paper, the treatment responses were higher in patients
with uncemented stems (8.4% to 8.7% in zone 1 and 7.6% to 8.8% in zone 7)
(Knusten et al., 2014). More specifically, cemented studies did not show any
significant difference in BMD between patients in the control groups and the
bisphosphonate treated group (Knusten et al., 2014). Interestingly, uncemented
stems showed more bone loss proximally compared to cemented stems and the
treatment was more effective in patients with an uncemented stem, except for Gruen
zone 7 (Knusten et al., 2014). The reason for more periprosthetic bone resorption in
uncemented stems might be that many uncemented implants are larger than
cemented ones. These larger stems result in more stress shielding followed by higher
bone loss (Knusten et al., 2014). However, there are controversial results in the
literature suggesting that patients with a cemented implant experienced similar (Lin
et al., 2012) or more (Dattani, 2007) bone loss. Nevertheless, as Knusten et al.,
(2014) mentions, accurate direct comparison of cemented and uncemented stems is
limited by the stem design and material.
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Although denosumab reduced periprosthetic bone resorption, it had no
significant impact on the stem initial migration. This result accords with a previous
RSA research on the effect of zoledronic acid on the initial migration of a double-
tapered straight femoral stem in postmenopausal women (Aro et al., 2018). It is also
in line with the other EBRA FCA research by Skoldenberg and colleagues who
reported that weekly oral risedronate had no impact on the initial migration of a
tapered stem in a mixed population of males and females with an average age of
about 60 years (Skoldenberg et al., 2011). Accordingly, it could be concluded that
the reduction of periprosthetic bone resorption achieved by antiresorptive treatment
cannot improve the initial femoral stem stability after cementless THA. However,
treatment with denosumab, if started at the proper time before the surgery, may
improve the quality of cortical bone and thereby reduce initial femoral stem
migration. In postmenopausal women, denosumab therapy can enhance the
osteoporotic cortical bone of the proximal femur, but the treatment response takes
time to develop (Genant et al., 2013). In our trial, denosumab was started 1 month
preoperatively, which transpired to be too late for prevention of stem migration. If
denosumab treatment had been started sufficiently early (approximately 6 or 12
months preoperatively), the cortical bone structure might have had time to respond
and improve stem stability.

The most common AE in denosumab RCT was low-back pain both in
denosumab-treated and placebo groups. After discontinuation of denosumab, the
differences in severity of low-back pain and/or interference of low-back pain with
daily activities were not significant between the two groups. The recent study by
Nystrom et al., (2020) also reported no differences in muscle and back pain AE
between the denosumab and placebo groups.

8.3 Predictors of initial stem migration after
cementless THA

Although some attempts have been made to investigate the predictors of initial
migration of uncemented stems using RSA, there is still no RSA study examining a
wide range of patient-related and surgery-related factors contributing to initial
femoral stem migration. However, an EBRA-FCA study reported that a body weight
of over 75 kg and a height of over 165 cm significantly influenced stem subsidence
towards progressive migration (Stihsen et al., 2012). Interestingly, BMI > 30 kg/m?
did not trigger progressive stem migration in this study (Stihsen et al., 2012).
Previous research also investigated the initial migration pattern of Accolade stems
(original and Accolade II). However, these studies (Grant et al., 2017; Jacobs &
Christensen, 2009; White et al., 2012) are only based on the radiographic assessment
and there is no accurate migration measurement system involved in these studies.
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Jacobs and Christensen (2009) reported progressive subsidence of the original
Accolade (TMZF®) stem from six weeks to one year postoperatively. This
subsidence was seen significantly more often in men than women at one year
(1.7£2.0 mm vs 1.0£1.4 mm, p=0.03). The investigators of this study report that it is
unclear if the increased subsidence in men was related to patient-related factors of
age, weight, and activity level or with specific implant characteristics (Jacobs &
Christensen, 2009). White et al., (2012) also reported a high incidence of migration
of Accolade stems with radiographic failure as a concern about the patient clinical
function and long-term survivorship of this stem design. However, another study
compared the radiographic assessment of the Accolade II stem with a traditional fit-
and-fill femoral stem demonstrated greater axial stability and decreased subsidence
of the Accolade II in patients with a higher BMI (Grant et al., 2017). One caution
that should be mentioned is that the accuracy of the manual radiographic
measurement technique utilized in these studies does not yield the accuracy of RSA.
It is reported that when using RSA as the reference method, the accuracy of one of
these radiographic measurement systems, Diisseldorf Migration Analysis — Femoral
Component Analysis (DMA-FCA), was calculated to be 2.51 mm for subsidence and
2.49° for varus-valgus tilt (Schutz et al., 2005).

In addition to patient-related factors, surgery-related factors was shown to
influence the stem stabilization into the femoral bone, especially in heavy patients in
an EBRA-FCA based study (Stihsen et al., 2012). In that study, stems providing a
poor fit and fill into the bone with a lack of cortical contact showed significantly
higher odds of migration compare to those with a tight fit (Stihsen et al., 2012).
Recently, a study on the Accolade II stem also showed that the distal canal fill might
affect the outcome of THA using this stem design; inadequate metadiaphyseal fill of
this stem resulted in increased subsidence and a risk of aseptic loosening (Warth et
al., 2020). In that study, patients whose surgeon vigorously broached to maximizing
the mediolateral stem dimension and confirmed final broach stability with a torsional
test, showed significantly less subsidence (0.3 vs 1.3 mm, P < .001) at 1 month in
contrast to patients whose surgeon did not do so (Warth et al., 2020). The mean canal
fill of the patients with tight stems was 95% compared to 86% in the other group at
a location 60 mm below the lesser trochanter (Warth et al., 2020). However, the
subsidence was measured from the plain radiograph. Accordingly, there is a lack of
evidence suggesting the association between poor fit and fill ratio and RSA-
measured femoral stem migration.

Our analysis for the prediction of stem initial migration did not reveal any
particular predictor for stem subsidence when the effect of outliers was taking into
account for the statistical analysis. When the effect of outliers was not considered,
there was a strong relationship between systemic low BMD and stem subsidence. In
fact, outliers with excessive stem subsidence, rotation or both had a significantly
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lower total hip BMD compared with non-outliers. In addition, in Study IV, the
subjects with a stem subsidence of more than 2 mm had significantly (p = 0.007)
lower total hip BMD compared with those whose subsidence was less than 2 mm.

Walking activity during the first 3 months after the surgery had a significant
impact on the amount and direction of stem rotation around the y-axis. It is already
known that walking at a normal speed causes high contact forces and torsional
moments in the femoral components of total hip prostheses (Bergmann et al., 2001;
Bergmann et al., 2016; Heller et al., 2001). These studies with instrumented femoral
stems have predicted that the torque around the stem axis may influence the initial
torsional stability of cementless implants in the femur (Bergmann et al., 2016).
Accordingly, it is not surprising that postoperative walking activity leads to femoral
stem rotational migration. This finding suggests the significance of physical activity
monitoring after the surgery in cementless THA research.

In this study, the subjects with walking activity equal to or above the cohort
median exhibited limited internal rotation of the stem (mean 1.84 degrees compared
to the baseline position). This was in line with the previous observations on the
typical direction and degrees of rotation of different femoral stem designs including
a double-wedged straight femoral stem (Symax) with 1.5 to 2 degrees (Aro et al.,
2018), a tapered straight femoral stem (CLS) with 0.59 to 1.18 degrees (Strom et al.,
2007), a double-tapered (Furlong HAC) with 0.80 degrees (Weber et al., 2014), and
a parallel-sided stem (Furlong active) with 1.18 degrees (Weber et al., 2014).

The RCT subjects investigated in this thesis showed considerable stem
subsidence (mean 1.5 mm, 95% CI 0.1 to 2.9) even in patients with normal BMD.
This result was in contrast to earlier findings in which subjects with normal BMDs
experienced minimum stem subsidence (0.5 mm - 0.7 mm) compared to osteopenia
and osteoporosis subjects independent of the femoral stem design, including an
anatomically designed stem (Aro et al., 2012) and a double-wedged straight femoral
stem (Aro et al., 2018). The Accolade II stem which was implanted in the subjects
of this trial was a redesign of a previous stem with the aim of metaphyseal cortical
bone engage in the medial-lateral plane. Accolade II showed lower subsidence and
retroversion in preclinical tests (Faizan et al., 2015) and improved proximal and
distal engagement (stem fit and stem to canal fill ratio) in a clinical study (Issa et al.,
2014). There are recommendations for the implantation of this stem in subjects with
sufficient bone stock and unaltered femoral geometry (Grayson & Meneghini, 2018).
To follow these recommendations, subjects with Dorr type C were excluded from
the clinical trial of this thesis. However, the existence of sufficient bone stock
(normal preoperative BMD) and unaltered femoral geometry (Dorr type A and B
with canal flare index > 3.0) did not guarantee stem initial stability. These results
suggest that further considerations need to be taken into account for the implantation
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of the current prosthesis in postmenopausal women who are prone to osteopenia and
osteoporosis and demonstrate different geometries of the proximal femur.

Ideally, uncemented implants should not migrate at all, but many designs still do
(Kérrholm, 2012). The time frame for acceptable initial migration depends on several
factors such as the type of implant and the type of fixation (Kérrholm, 2012). The
initial migration time frame is reported to be limited to the first 3 months (Weber et
al. 2014, Salemyr et al., 2015) or 6 months (Campbell et al., 2011). However, a
period of 1 year after the surgery seems to be the maximum time limit for migration
of cementless stems to not result in fibrous fixation or loosening (Kéarrholm, 2012).
The migration of the stems in our RCT patients was so close from 3 to 5 months after
the surgery. We utilized 5-month time-point data to ensure that all the stems were
already stabilized.

8.4 Role of pulse-echo ultrasonometry in the
prediction of stem subsidence

Pulse-echo ultrasonometry of the radius cortical bone thickness was able to
discriminate postmenopausal women prone to early stem subsidence with moderate
accuracy (0.73). As a control analysis, DXA-measured radius BMD was also
effective (accuracy of 0.74) in discriminating subjects prone to stem subsidence.
However, DXA-measured BMD of the operated hip failed to recognize subjects
prone to subsidence. This finding supports the idea that distal radius is the optimal
site for evaluation of the bone quality in postmenopausal women before cementless
THA. The patients with osteoarthritis may show higher BMD in hip and lumbar-
spine (Hart et al., 1994; Nevitt et al., 1995; Peel et al., 1995). This counterfeit BMD
(from hip and/or lumbar-spine) may result in a misleading impression of BMD in
osteoarthritis patients.

The accuracy of pulse-echo ultrasonometry for discrimination of subjects prone
to initial stem subsidence was not perfect. The reason behind this moderate accuracy
might be that stem initial subsidence is a complex issue and many potential
confounding factors might have an impact on it. The quality of the cortical bone is
only one of these factors. Accordingly, it is expected that the power of bone quality
for the prediction of stem subsidence is limited.

Subjects with the low ultrasonometry-measured cortical bone thickness of the
radius (less than the cut off value obtained by ROC analysis) had significantly lower
canal fill ratios in the middle and distal stems and a tendency for a lower canal flare
index. The reason for this inappropriate stem to canal fill ratio might be the thining
of the medial cortex of the femur. The lower canal flare index in these subjects is an
indicator of the enlarged medullary canal and corroborates this hypothesis.
Previously it was reported that the distal radius also undergoes similar structural
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changes to that of the proximal femur in postmenopausal women (Ahlborg et al.,
2004). Both these phenomena including thinning of the medial cortex of the femur
and enlarged medullary canal (of the proximal femur and distal radius) are common
in postmenopausal women (Ahlborg et al., 2004; Casper et al., 2012), suggesting the
requirement of a screening protocol (such as DXA or pulse-echo ultrasonometry) of
the distal radius before performing cementless THA in the postmenopausal women
population.

8.5 Strengths, limitations, and future aspects

Strengths

This thesis work includes strengths and limitations. One of the main strengths of
this thesis is that it is based on the analyses of randomized clinical trial data. RCTs
are known as one of the most reliable forms of scientific evidence due to their
substantially lower spurious causality and bias. Another strength of this thesis work
is the application of RSA to the measurement of femoral stem migration. RSA is the
most accurate and precise technique for the measurement of stem migration. It also
provides information for the surgeons to predict the longterm outcome of the THA.
In addition, the monitoring of different patient’s characteristics and analyzing a high
number of patient-related and surgery-related factors make this thesis work strong.
However, there are certain limitations in each sub-works of the thesis.

Limitations

In the preclinical phantom study (study I), the accuracy of RSA for the rotation of
the stem around the x and z-axis were not measured due to the technical complexity
of simulating these micromotions. Additionally, the lack of simulated soft tissue in
the phantom limited us when investigating the effect of soft tissue, if any, on the
model-based RSA accuracy. Different configurations of the bone markers, the
different qualities of the CAD models, as well as different stem designs were not
examined. Accordingly, the impact of these factors on the model-based RSA
accuracy remains unknown. Consequently, caution should be applied before
generalizing the results of the model-based RSA accuracy in this study.

In the denosumab sub-work of the thesis (Study II), the start of the denosumab
treatment (1-month preoperatively) was quite late with the result that the denosumab
did not have enough time to effectively improve the cortical bone structure.

In the prediction of stem initial migration sub-work (Study III), a power analysis
was not performed for the purpose of this sub-work, but instead for the original RCT
(Study II). Accordingly, the number of subjects with specific conditions including
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osteopenia and osteoporosis, overweight or obese, Dorr type of B and C, a CFI of
lower than 3 (stovepipe) and greater than 4.7 (Champagne flute), and the number of
subjects receiving stems with high offset (neck angle of 132°) was limited.
Furthermore, the results of this sub-work are based on the examination of only one
femoral stem design implanted in the specific subgroup (postmenopausal women) of
THA patients. Therefore, the generalizability of the results is legitimate only under
certain conditions.

In the fourth sub-work of the thesis (Study IV), the limited group size and
restricted inclusion criteria of the original RCT disempowered the study as regards
generalizing the results to different THA patients with a variety of characteristics as
well as different stem designs.

Future aspects

The addition of simulated soft tissue and an examination of different configurations
of the bone markers, as well as the different quality of the CAD models together with
different stem designs would reveal the correct information about the factors which
might have a detrimental effect on the accuracy of the model-based RSA. Further
investigations about the effectiveness of antiresorptive therapies such as denosumab
for the reduction of stem initial migration in THA patients is recommended. It is
hypothesized that if the treatment starts between 6 to 12 months before the surgery,
denosumab might have enough time to effectively improve the structure of the
periprosthetic cortical bone. Nevertheless, it is clinically challenging to motivate a
symptomatic patient to accept a delay of 6 to 12 months before the surgery. To reveal
the factors contributing to the stem initial migration more precisely, it is suggested
that balanced groups of patients with different conditions and characteristics and
diverse stem designs should be taken into account. It would be appropriate to also
examine the capacity of the pulse-echo ultrasonometry for the discrimination of
patients prone to stem subsidence in such a population with a diversity of
characteristics. However, the preoperative examination of the proximal femur using
high-resolution CT imaging may demonstrate the real status of the cortical bone. The
preoperative imaging of the proximal femur might be indicated and cost-effective in
specific subgroups of patients such as postmenopausal women who are prone to stem
subsidence after cementless THA. If CT imaging verifies the altered structure of the
proximal femur, cemented THA might be a better choice.
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Conclusion

The findings of this thesis suggest the following conclusions:
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The application of model-based RSA with high quality combined steam-head
CAD models and a sufficient number and an appropriate configuration of the
bone markers seems to be an appropriate tool for clinical trials of cementless
tapered-wedge femoral stems. The key message is that the accuracy of the
model-based RSA should be verified for each stem design in a phantom
experiment. The clinical precision of the model-based RSA is comparable to
that of marker-based RSA suggesting the requirement of the same number of
patients for the RCTs with marker-based and model-based RSA.

Denosumab therapy increased periprosthetic femoral BMD after cementless
THA. However, this did not result in a reduction of the initial stem migration
and the speed of functional recovery. Nevertheless, it is possible that with
an optimized preoperative starting time for the denosumab treatment, THA
patients might benefit from stem initial stability. However, prior to the
application of denosumab therapy in THA patients, large clinical trials need
to focus on the clinical relevance of the pharmacological intervention.
Clinical trials of uncemented hip stems could be conducted in
postmenopausal women with systemic osteopenia.

The migration of the implanted parallel-sided femoral stem in this thesis was
associated with the amount of physiological loading directed by walking
activity. This finding highlights the significance of physical activity
monitoring immediately after the surgery in RSA research on cementless
THA. The great impact of outliers on the statistical analysis emphasizes the
significance of analyzing RSA data of THA patients with and without
outliers.

Preoperative pulse-echo ultrasonometry of the distal radius may help to
identify postmenopausal women at high risk of stem subsidence. The
accuracy of pulse-echo ultrasonometry of the distal radius was similar to that
of the radius DXA in discriminating between < 2 mm and > 2 mm stem
subsidence.



Acknowledgments

This thesis work was conducted at the Department Orthopaedics and Traumatology
in Turku University Hospital and University of Turku during the years 2015-2020. I
am grateful for the Academy of Finland, Instrumentarium Foundation, Finnish
Cultural Foundation, and the University of Turku Foundation for funding the bulk
of my research as well as the Suomen Artroplastiayhdistys and Turku University
Hospital (TYKS-S4étio) for the financial support.

Foremost I wish to express my sincerest gratitude to my outstanding supervisors,
Professor Hannu Aro, and Adjunct Professor Niko Moritz. Hannu, I am thankful to
you for seeing the potential in me and allowing me to work in the field of
orthopaedics and bioengineering. Your massive knowledge and experience in
orthopaedics, and your spirit of adventure in regards to research and science are
wonderful and are reflected in this thesis. I am grateful for your patient guidance,
passionate encouragements, and your supports all through the research. I would like
to appreciate you for helping me with successful funding proposals and grant
applications. Without your academic training, supervision, and innumerous supports
this doctoral thesis would not have been possible. Niko, your impressive expertise
in bioengineering research has been crucial to this work. The period of close
collaboration I shared with you during the first years when our phantom experiment
was going on has been truly instructive and educative for me. You allowed a smooth
start of the project by helping me in the early steps and I warmly appreciate your
practical supports and your positive mindset which helped me to overcome the
challenges and disappointing moments.

Along with my thesis supervisors, I would like to thank my supervisor at work,
Professor Lauri Nummenmaa, for giving me the opportunity to be a member of the
Human Emotion System Laboratory at Turku PET Centre. Lauri, there are no
appropriate words to express my warmest gratitude and respect to you. Your deep
knowledge on many levels of academic research, passion toward science, and
relentless help and supports throughout the research are really impressive! [ would
like to deeply appreciate you for acting as an extra mentor in the recent years of my
doctoral research. During the years 2017 to 2020 that I have been working in this

71



Sanaz Nazari Farsani

lab, you have always inspired and encouraged me through finalizing my doctoral
thesis and developing my career in academia which I am truly thankful for that.

I want to thank my coauthors; Dr. Jessica Alm, Dr. Kimmo Mattila, Eliisa
16yttyniemi, Sami Finnild, and Mia Vuopio, for your crucial cooperation in the
studies of this thesis. I like to express my special thanks to Eliisa Loyttyniemi, an
intelligent biostatistician who remarkably guided me with her brilliant vision and
statistical insight toward the correct selection and application of statistical analyses
of the data in this thesis. Although for a short period, still, I experienced the pleasure
of sharing an office with a passionate researcher, Jessica Alm, in the early years of
my doctoral studies. That period was full of interesting scientific discussions which
were deeply satisfying, and it ended up with our valuable friendship. I also
experienced the pleasure of sharing an office with Satu Timlin, although for a short
period. Satu, your smiling face and your confident attitude was always heartwarming
for me.

The official pre-examiners of this thesis, Professor Heikki Kréger from the
University of Eastern Finland and Professor Hanna Isaksson from Lund University
in Sweden, are deeply acknowledged for their constructive criticisms and insightful
comments. You helped me to improve the quality and transparency in this thesis
book. I sincerely thank Professor Jukka Jurvelin from the University of Eastern
Finland to accept the invitation to act as the opponent in the public defense of this
dissertation. [ thank Elizabeth Nyman for the smart language check of this work. The
Doctoral Program in Clinical Research (DPCR) at the University of Turku and its
director, Professor Antti Saraste, are appreciated for providing quality educational
opportunities. The past and present coordinators of the DPCR, Kristiina Nuutila, and
Tiia Forsstrom, as well as the Chief Academic Officer Outi Irjala, are acknowledged
for all their supports and helps through the doctoral studies matters.

I 'am also grateful to the past and present members of the Human Emotion System
Laboratory for their expertise, supports, and friendships. It is always a pleasure
coming to work every day with such lovely and engaging people whom I share a
unique research environment with real teamwork spirit. Kerttu Seppéld, Vesa
Putkinen, Janne Isojarvi, Tuulia Malen, Lihua Sun, Marco Bucci, Tomi Karjalainen,
Matthew Hudson, Tiina Saanijoki, Tatu Kantonen, Sandra Manninen, and Severi
Santavirta thank you for your friendship, qualitative talks, work lunches, entertaining
coffee breaks, and all the fun times we experienced together.

A special thank you to all my dear friends outside work. Golnaz, Pegah,
Soodabeh, Shema, Arghavan, and Yegane. Golnaz, my comrade, and my other sister,
thanks for being the shoulder I can always depend on! Your willingness to always
help me in any possible way you can is impressive. Thank you, all my friends, for
your friendship and all the fun times, travels, music concerts, yoga, Persian dancing

72



Acknowledgement

and cooking, shopping, sewing, board games, and crazy laughs we have experienced
together. You are one of the greatest gifts in my life!

My heartfelt gratitude to my darling parents for their endless love,
encouragement, and supports. My father Gholamreza, who motivated me through
the exciting world of science from childhood, and my mother Nosrat, who thought
me that good work does not remain unpaid and problems will solve with patience
and constant effort. You lift me up with your everlasting support. Your place in my
life is irreplaceable. My heart holds a deep appreciation for my sisters, Solmaz, and
Sara for always being there for me. For your help in my life from the homework in
my childhood to your courage and hope in the moments of disappointments even
from far distances. I sincerely thank you for all the quality time we spend. You
always make me happy in ways only a sister ever can and I truly appreciate that.
Mehdi and Davood I am happy to have you in my family. Thank you for all your
supports and the enjoyable moments full of laugh and fun that we experience in the
reunion times. I am also thankful to my parents-in-law Shahram and Zahra for their
love, help, supports, and encouragement. Reunion with you, my lovely family, is one
of the most blessed occasion in my life which reminds me of the other perspective
in life.

Finally, my darling constant companion on this journey, Mojtaba. My
sweetheart, thanks for your unconditional love, supports, and encouragement that
always push me to grow. For supporting me when I am struggling with challenges,
but never let me stay there. For showing me the truth when I did not see it and for
empowering me in times of despair. I am cheerful that I share this experience and
my life with you!

Turku, September 20, 2020
Sanaz Nazari-Farsani

73



References

Abdel, M. P., Watts, C. D., Houdek, M. T., Lewallen, D. G., & Berry, D. J. (2016). Epidemiology of
periprosthetic fracture of the femur in 32 644 primary total hip arthroplasties: a 40-year experience.
The Bone & Joint Journal, 98-B(4), 461-467.

Ahlborg, H. G., Johnell, O., & Karlsson, M. K. (2004). An age-related medullary expansion can have
implications for the long-term fixation of hip prostheses. Acta Orthopaedica Scandinavica, 75(2),
154-159.

Ahmed, L. A., Shigdel, R., Joakimsen, R. M., Eldevik, O. P., Eriksen, E. F., Ghasem-Zadeh, A., Bala,
Y., Zebaze, R., Seeman, E., & Bjornerem, A. (2015). Measurement of cortical porosity of the
proximal femur improves identification of women with nonvertebral fragility fractures.
Osteoporosis International, 26(8), 2137-2146.

Albrektsson, T., Branemark, P. 1., Hansson, H. A., & Lindstrom, J. (1981). Osseointegrated titanium
implants. Requirements for ensuring a long-lasting, direct bone-to-implant anchorage in man. Acta
Orthopaedica Scandinavica, 52(2), 155-170.

Aldinger, P. R., Jung, A. W., Breusch, S. J., Ewerbeck, V., & Parsch, D. (2009). Survival of the
cementless Spotorno stem in the second decade. Clinical Orthopaedics and Related Research,
467(9), 2297-2304.

Allen, M. R., McNerny, E. M., Organ, J. M., & Wallace, J. M. (2015). True Gold or Pyrite: A Review
of Reference Point Indentation for Assessing Bone Mechanical Properties In Vivo. Journal of Bone
and Mineral Research, 30(9), 1539-1550.

Alm, J. J., Makinen, T. J., Lankinen, P., Moritz, N., Vahlberg, T., & Aro, H. T. (2009). Female patients
with low systemic BMD are prone to bone loss in Gruen zone 7 after cementless total hip
arthroplasty. Acta Orthopaedica, 80(5), 531-537.

Amirouche, F., Solitro, G., & Walia, A. (2016). No effect of femoral offset on bone implant
micromotion in an experimental model. Orthopaedics & Traumatology, Surgery & Research :
OTSR, 102(3), 379-385.

Anthony, P., Gie, G., Howie, C., & Ling, R. (1990). Localised endosteal bone lysis in relation to the
femoral components of cemented total hip arthroplasties. The Journal of Bone and Joint Surgery,
72(0301-620), 971--979.

Aro, E., Moritz, N., Mattila, K., & Aro, H. T. (2018). A long-lasting bisphosphonate partially protects
periprosthetic bone, but does not enhance initial stability of uncemented femoral stems: A
randomized placebo-controlled trial of women undergoing total hip arthroplasty. Journal of
Biomechanics, 75, 35-45.

Aro, H. T., Alm, J. J., Moritz, N., Makinen, T. J., & Lankinen, P. (2012). Low BMD affects initial
stability and delays stem osseointegration in cementless total hip arthroplasty in women: a 2-year
RSA study of 39 patients. Acta Orthopaedica, 83(2), 107-114.

Ascenzi, M.-G., Chin, J., Lappe, J., & Recker, R. (2016). Non-osteoporotic women with low-trauma
fracture present altered birefringence in cortical bone. Bone, 84, 104-112.

Baad-Hansen, T., Kold, S., Olsen, N., Christensen, F., & Soballe, K. (2011). Excessive distal migration
of fiber-mesh coated femoral stems. Acta Orthopaedica, 82(3), 308-314.

74



References

Banaszkiewicz, Paul A and Kader, D. F. (2014). Classic papers in orthopaedics (pp. 9-12). Springer
Science & Business Media.

Baron, R., Ferrari, S., & Russell, R. G. G. (2011). Denosumab and bisphosphonates: different
mechanisms of action and effects. Bone, 48(4), 677-692.

Behery, O. A., & Foucher, K. C. (2014). Are Harris hip scores and gait mechanics related before and
after THA? Clinical Orthopaedics and Related Research, 472(11), 3452-3461.

Bellamy, N., Buchanan, W. W., Goldsmith, C. H., Campbell, J., & Stitt, L. W. (1988). Validation study
of WOMAC: a health status instrument for measuring clinically important patient relevant
outcomes to antirheumatic drug therapy in patients with osteoarthritis of the hip or knee. The
Journal of Rheumatology, 15(12), 1833—-1840.

Bergmann, G, Deuretzbacher, G., Heller, M., Graichen, F., Rohlmann, A., Strauss, J., & Duda, G. N.
(2001). Hip contact forces and gait patterns from routine activities. Journal of Biomechanics,
34(7), 859-871.

Bergmann, Georg, Bender, A., Dymke, J., Duda, G., & Damm, P. (2016). Standardized Loads Acting
in Hip Implants. PloS One, 11(5), e0155612.

Bhandari, M., Bajammal, S., Guyatt, G. H., Griffith, L., Busse, J. W., Schunemann, H., & Einhorn, T.
A. (2005). Effect of bisphosphonates on periprosthetic bone mineral density after total joint
arthroplasty. A meta-analysis. The Journal of Bone and Joint Surgery. American Volume, 87(2),
293-301.

Blake, G. M., Chinn, D. J., Steel, S. A., Patel, R., Panayiotou, E., Thorpe, J., Fordham, J. N., & Forum,
N. O. S. B. D. (2005). A list of device-specific thresholds for the clinical interpretation of
peripheral x-ray absorptiometry examinations. Osteoporosis International, 16(12), 2149-2156.

Blake, G. M., & Fogelman, 1. (2010). An update on dual-energy x-ray absorptiometry. Seminars in
Nuclear Medicine, 40(1), 62-73.

Boardman, D. L., Dorey, F., Thomas, B. J., & Lieberman, J. R. (2000). The accuracy of assessing total
hip arthroplasty outcomes: a prospective correlation study of walking ability and 2 validated
measurement devices. The Journal of Arthroplasty, 15(2), 200-204.

Bobyn, J D, Hacking, S. A., Krygier, J. J., Harvey, E. J., Little, D. G., & Tanzer, M. (2005). Zoledronic
acid causes enhancement of bone growth into porous implants. The Journal of Bone and Joint
Surgery. British Volume, 87(3), 416—420.

Bobyn, J Dennis, McKenzie, K., Karabasz, D., Krygier, J. J., & Tanzer, M. (2009). Locally delivered
bisphosphonate for enhancement of bone formation and implant fixation. The Journal of Bone and
Joint Surgery. American Volume, 91 Suppl 6,23-31.

Bolotin, H. H. (1998). A new perspective on the causal influence of soft tissue composition on DXA-
measured in vivo bone mineral density. Journal of Bone and Mineral Research, 13(11), 1739—
1746.

Bone, H. G., Bolognese, M. A., Yuen, C. K., Kendler, D. L., Miller, P. D., Yang, Y.-C., Grazette, L.,
San Martin, J., & Gallagher, J. C. (2011). Effects of denosumab treatment and discontinuation on
bone mineral density and bone turnover markers in postmenopausal women with low bone mass.
The Journal of Clinical Endocrinology and Metabolism, 96(4), 972-980.

Bothe, R. T., Beaton, L. E., & Davenport, H. . (1940). Reaction of Bone to Multiple Metallic Implants.
Surgery, Gynecology and Obstetrics, 71, 598-602.

Bottner, F., Zawadsky, M., Su, E. P., Bostrom, M., Palm, L., Ryd, L., & Sculco, T. P. (2005). Implant
migration after early weightbearing in cementless hip replacement. Clinical Orthopaedics and
Related Research, 436, 132—-137.

Bragdon, C. R., Estok, D. M., Malchau, H., Kérrholm, J., Yuan, X., Bourne, R., Veldhoven, J., & Harris,
W. H. (2004). Comparison of two digital radiostereometric analysis methods in the determination
of femoral head penetration in a total hip replacement phantom. Journal of Orthopaedic Research,
22, 659-664.

Brettle, J. (1970). A survey of the literature on metallic surgical implants. Injury, 2(1), 26-39.

75



Sanaz Nazari Farsani

Brown, J. P., Roux, C., Ho, P. R., Bolognese, M. A., Hall, J., Bone, H. G., Bonnick, S., van den Bergh,
J. P., Ferreira, 1., Dakin, P., Wagman, R. B., & Recknor, C. (2014). Denosumab significantly
increases bone mineral density and reduces bone turnover compared with monthly oral ibandronate
and risedronate in postmenopausal women who remained at higher risk for fracture despite
previous suboptimal treatment with an oral bi. Osteoporosis International, 25(7), 1953-1961.

Bruzzaniti, A., & Baron, R. (2006). Molecular regulation of osteoclast activity. Reviews in Endocrine
& Metabolic Disorders, 7(1-2), 123—139.

Buhler, D. W., Berlemann, U., Lippuner, K., Jaeger, P., & Nolte, L. P. (1997). Three-dimensional
primary stability of cementless femoral stems. Clinical Biomechanics (Bristol, Avon), 12(2), 75—
86.

Bunyoz, K. 1., Malchau, E., Malchau, H., & Troelsen, A. (2020). Has the Use of Fixation Techniques
in THA Changed in This Decade? The Uncemented Paradox Revisited. Clinical Orthopaedics and
Related Research, 478(4), 697-704.

Burke, D. W., O’Connor, D. O., Zalenski, E. B., Jasty, M., & Harris, W. H. (1991). Micromotion of
cemented and uncemented femoral components. The Journal of Bone and Joint Surgery.British
Volume, 73(1), 33-37.

Callaghan, J. J., Fulghum, C. S., Glisson, R. R., & Stranne, S. K. (1992). The effect of femoral stem
geometry on interface motion in uncemented porous-coated total hip prostheses. Comparison of
straight-stem and curved-stem designs. The Journal of Bone and Joint Surgery.American Volume,
74(6), 839-848.

Callary, S. A., Campbell, D. G., Mercer, G., Nilsson, K. G., & Field, J. R. (2013). Wear of a 5 megarad
cross-linked polyethylene liner: a 6-year RSA study. Clinical Orthopaedics and Related Research,
471(0009-921), 2238-2244.

Cameron, H. U., Pilliar, R. M., & MacNab, L. (1973). The effect of movement on the bonding of porous
metal to bone. Journal of Biomedical Materials Research, 7(4), 301-311.

Campbell, D., Mercer, G., Nilsson, K. G., Wells, V., Field, J. R., & Callary, S. A. (2011). Early
migration characteristics of a hydroxyapatite-coated femoral stem: an RSA study. International
Orthopaedics, 35(4), 483—488.

Carey, J. J., Delaney, M. F., Love, T. E., Richmond, B. J., Cromer, B. A., Miller, P. D., Manilla-
Mclntosh, M., Lewis, S. A., Thomas, C. L., & Licata, A. A. (2007). DXA-generated Z-scores and
T-scores may differ substantially and significantly in young adults. Journal of Clinical
Densitometry : The Official Journal of the International Society for Clinical Densitometry, 10(4),
351-358.

Carter, D. R., Bouxsein, M. L., & Marcus, R. (1992). New approaches for interpreting projected bone
densitometry data. Journal of Bone and Mineral Research, 7(2), 137-145.

Casper, D. S., Kim, G. K., Parvizi, J., & Freeman, T. A. (2012). Morphology of the proximal femur
differs widely with age and sex: relevance to design and selection of femoral prostheses. Journal
of Orthopaedic Research, 30(7), 1162-1166.

Casper, D. S., Kim, G. K., Restrepo, C., Parvizi, J., & Rothman, R. H. (2011). Primary total hip
arthroplasty with an uncemented femoral component five- to nine-year results. The Journal of
Arthroplasty, 26(6), 838-841.

Charles, M. N., Bourne, R. B., Davey, J. R., Greenwald, A. S., Morrey, B. F., & Rorabeck, C. H. (2004).
Soft-tissue balancing of the hip: the role of femoral offset restoration. Instructional Course
Lectures, 54, 131-141.

Cilla, M., Checa, S., & Duda, G. N. (2017). Strain shielding inspired re-design of proximal femoral
stems for total hip arthroplasty. Journal of Orthopaedic Research, 35(11), 2534-2544.

Corten, K., Bourne, R. B., Charron, K. D., Au, K., & Rorabeck, C. H. (2011). What works best, a
cemented or cementless primary total hip arthroplasty?: minimum 17-year followup of a
randomized controlled trial. Clinical Orthopaedics and Related Research, 469(1), 209-217.

Cummings, S. R., Ferrari, S., Eastell, R., Gilchrist, N., Jensen, J.-E. B., McClung, M., Roux, C.,
Torring, O., Valter, 1., Wang, A. T., & Brown, J. P. (2018). Vertebral Fractures After

76



References

Discontinuation of Denosumab: A Post Hoc Analysis of the Randomized Placebo-Controlled
FREEDOM Trial and Its Extension. Journal of Bone and Mineral Research, 33(2), 190—198.
Cummings, S. R., San Martin, J., McClung, M. R., Siris, E. S., Eastell, R., Reid, I. R., Delmas, P., Zoog,
H. B., Austin, M., Wang, A., Kutilek, S., Adami, S., Zanchetta, J., Libanati, C., Siddhanti, S., &
Christiansen, C. (2009). Denosumab for prevention of fractures in postmenopausal women with

osteoporosis. The New England Journal of Medicine, 361(8), 756—765.

D’Ambrosio, A., Peduzzi, L., Roche, O., Bothorel, H., Saffarini, M., & Bonnomet, F. (2020). Influence
of femoral morphology and canal fill ratio on early radiological and clinical outcomes of
uncemented total hip arthroplasty using a fully coated stem. Bone & Joint Research, 9(4), 182—
191.

Dalton, J. E., Cook, S. D., Thomas, K. A., & Kay, J. F. (1995). The effect of operative fit and
hydroxyapatite coating on the mechanical and biological response to porous implants. The Journal
of Bone and Joint Surgery.American Volume, 77, 97-110.

Damilakis, J, Papadokostakis, G., Perisinakis, K., Maris, T., Dimitriou, P., Hadjipavlou, A., &
Gourtsoyiannis, N. (2004). Discrimination of hip fractures by quantitative ultrasound of the
phalanges and the calcaneus and dual X-ray absorptiometry. European Journal of Radiology,
50(3), 268-272.

Damilakis, John, Adams, J. E., Guglielmi, G., & Link, T. M. (2010). Radiation exposure in X-ray-based
imaging techniques used in osteoporosis. European Radiology, 20(11), 2707-2714.

Dattani, R. (2007). Femoral osteolysis following total hip replacement. Postgraduate Medical Journal,
83(979), 312-316.

Davy, D. T., Kotzar, G. M., Brown, R. H., Heiple, K. G., Goldberg, V. M., Heiple, K. G. J., Berilla, J.,
& Burstein, A. H. (1988). Telemetric force measurements across the hip after total arthroplasty.
The Journal of Bone and Joint Surgery. American Volume, 70(1), 45-50.

de Vries, L. M. A., van der Weegen, W., Pilot, P., Stolarczyk, P. A., Sijbesma, T., & Hoffman, E. L.
(2014). The predictive value of radiostereometric analysis for stem survival in total hip
arthroplasty. A systematic review. Hip International, 24(3), 215-222.

Demey, G., Fary, C., Lustig, S., Neyret, P., & si Selmi, T. A. (2011). Does a Collar Improve the
Immediate Stability of Uncemented Femoral Hip Stems in Total Hip Arthroplasty? A Bilateral
Comparative Cadaver Study. The Journal of Arthroplasty, 26(8), 1549—1555.

Derbyshire, B., Prescott, R. J., & Porter, M. L. (2009). Notes on the use and interpretation of
radiostereometric analysis. Acta Orthopaedica, 80(1), 124-130.

Dorr, L. D., Faugere, M. C., Mackel, A. M., Gruen, T. A., Bognar, B., & Malluche, H. H. (1993).
Structural and cellular assessment of bone quality of proximal femur. Bone, 14(3), 231-242.
Dorr, L. D., Lewonowski, K., Lucero, M., Harris, M., & Wan, Z. (1997). Failure mechanisms of
anatomic porous replacement I cementless total hip replacement. Clinical Orthopaedics and

Related Research, 334, 157-167.

Dujardin, F. H., Mollard, R., Toupin, J. M., Coblentz, A., & Thomine, J. M. (1996). Micromotion, fit,
and fill of custom made femoral stems designed with an automated process. Clinical Orthopaedics
and Related Research, (325), 276-289.

Dutton, A., & Rubash, H. E. (2008). Hot topics and controversies in arthroplasty: cementless femoral
fixation in elderly patients. Instructional Course Lectures, 57, 255-259.

Edmondson, M., Ebert, J., Nivbrant, O., & Wood, D. (2014). Prospective randomised clinical trial
assessing subsidence and rotation, using radiostereometric analysis, of two modular cementless
femoral stems (Global K2 and Apex). Journal of Orthopaedics, 11(2), 96—102.

Engh, C. A., Hooten, J. P. J., Zettl-Schaffer, K. F., Ghaffarpour, M., McGovern, T. F., & Bobyn, J. D.
(1995). Evaluation of bone ingrowth in proximally and extensively porous-coated anatomic
medullary locking prostheses retrieved at autopsy. The Journal of Bone and Joint Surgery.
American Volume, 77(6), 903-910.

77



Sanaz Nazari Farsani

Engh, C. A. J., Young, A. M., Engh, C. A. S., & Hopper, R. H. J. (2003). Clinical consequences of
stress shielding after porous-coated total hip arthroplasty. Clinical Orthopaedics and Related
Research, 417, 157-163.

Engh, C. A., Massin, P., & Suthers, K. E. (1990). Roentgenographic assessment of the biologic fixation
of porous-surfaced femoral components. Clinical Orthopaedics and Related Research, 0009-921,
107-128.

Engh, C. A., O’Connor, D., Jasty, M., McGovern, T. F., Bobyn, J. D., & Harris, W. H. (1992).
Quantification of implant micromotion, strain shielding, and bone resorption with porous-coated
anatomic medullary locking femoral prostheses. Clinical Orthopaedics and Related Research, 285,
13-29.

Fairbank, J. C., & Pynsent, P. B. (2000). The Oswestry Disability Index. Spine, 25(22), 2940-2952;
discussion 2952.

Faizan, A., Wuestemann, T., Nevelos, J., Bastian, A. C., & Collopy, D. (2015). Development and
verification of a cementless novel tapered wedge stem for total hip arthroplasty. The Journal of
Arthroplasty, 30(2), 235-240.

Finnild, Sami, Moritz, N., Strandberg, N., Alm, J. J., & Aro, H. T. (2019). Radiostereometric analysis
of the initial stability of internally fixed femoral neck fractures under differential loading. Journal
of Orthopaedic Research, 37(1), 239-247.

Firestein, G. S., Budd, R., Gabriel, S. E., Mclnnes, 1. B., & O’Dell, J. R. (2012). Kelley’s Textbook of
Rheumatology (pp. 1661-1677). Elsevier Health Sciences.

Flecher, X., Ollivier, M., & Argenson, J. N. (2016). Lower limb length and offset in total hip
arthroplasty. Orthopaedics & Traumatology, Surgery & Research : OTSR, 102(1 Suppl), S9-20.

Foucher, K. C. (2016). Identifying clinically meaningful benchmarks for gait improvement after total
hip arthroplasty. Journal of Orthopaedic Research, 34(1), 88-96.

Frazer, A. R., & Tanzer, M. (2020). New Implant Introduction in Total Hip Arthroplasty Using
Radiostereometric Analysis: A Cautionary Note. The Journal of Arthroplasty, 35(3), 643—646.

Friedl, G., Radl, R., Stihsen, C., Rehak, P., Aigner, R., & Windhager, R. (2009). The effect of a single
infusion of zoledronic acid on early implant migration in total hip arthroplasty. A randomized,
double-blind, controlled trial. The Journal of Bone and Joint Surgery. American Volume, 91(2),
274-281.

Fyhrie, D. P. (2005). Summary--Measuring “bone quality”. Journal of Musculoskeletal & Neuronal
Interactions, 5(4), 318-320.

Gascoyne, T. C., Morrison, J. B., & Turgeon, T. R. (2014). The effect of patient positioning on the
precision of model-based radiostereometric analysis. Journal of Biomechanics, 47(8), 1914-1917.

Genant, H. K., Engelke, K., Fuerst, T., Gluer, C. C., Grampp, S., Harris, S. T., Jergas, M., Lang, T., Lu,
Y., Majumdar, S., Mathur, A., & Takada, M. (1996). Noninvasive assessment of bone mineral and
structure: state of the art. Journal of Bone and Mineral Research, 11(6), 707-730.

Genant, H. K., Libanati, C., Engelke, K., Zanchetta, J. R., Hoiseth, A., Yuen, C. K., Stonkus, S.,
Bolognese, M. A., Franek, E., Fuerst, T., Radcliffe, H. S., & McClung, M. R. (2013).
Improvements in hip trabecular, subcortical, and cortical density and mass in postmenopausal
women with osteoporosis treated with denosumab. Bone, 56(2), 482—488.

Genant, H. K., Wu, C. Y., van Kuijk, C., & Nevitt, M. C. (1993). Vertebral fracture assessment using
a semiquantitative technique. Journal of Bone and Mineral Research, 8(9), 1137-1148.

Gijeilo, K. H., Stenseth, R., Wahba, A., Lydersen, S., & Klepstad, P. (2007). Validation of the brief pain
inventory in patients six months after cardiac surgery. Journal of Pain and Symptom Management,
34(6), 648-656.

Glowacki, J., Hurwitz, S., Thornhill, T. S., Kelly, M., & LeBoff, M. S. (2003). Osteoporosis and
vitamin-D deficiency among postmenopausal women with osteoarthritis undergoing total hip
arthroplasty. The Journal of Bone and Joint Surgery.American Volume, 85-A(12), 2371-2377.

78



References

Glowacki, J., Tuteja, M., Hurwitz, S., Thornhill, T. S., & Leboff, M. S. (2010). Discordance in femoral
neck bone density in subjects with unilateral hip osteoarthritis. Journal of Clinical Densitometry,
13(1),24-28.

Gortchacow, M., Wettstein, M., Pioletti, D. P., Muller-Gerbl, M., & Terrier, A. (2012). Simultaneous
and multisite measure of micromotion, subsidence and gap to evaluate femoral stem stability.
Journal of Biomechanics, 45(7), 1232—-1238.

Grant, P., Aamodt, A., Falch, J. A., & Nordsletten, L. (2005). Differences in stability and bone
remodeling between a customized uncemented hydroxyapatite coated and a standard cemented
femoral stem A randomized study with use of radiostereometry and bone densitometry. Journal of
Orthopaedic Research, 23(6), 1280-1285.

Grant, P., & Nordsletten, L. (2004). Total hip arthroplasty with the Lord prosthesis. A long-term follow-
up study. The Journal of Bone and Joint Surgery. American Volume, 86(12), 2636-2641.

Grant, T. W., Lovro, L., Licini, D., Warth, L. C., Ziemba-Davis, M., & Meneghini, R. M. (2017).
Cementless Tapered Wedge Femoral Stems Decrease Subsidence in Obese Patients Compared to
Traditional Fit-and-Fill Stems. The Journal of Arthroplasty, 32, 891-897.

Grayson, C., & Meneghini, R. M. (2018). Parallel-Sided Femoral Stems. In Advanced Reconstruction:
Hip 2 (119th-25th ed.). American Academy of Orthopaedic Surgeons and The Hip Society.

Gromov, K., Bersang, A., Nielsen, C. S., Kallemose, T., Husted, H., & Troelsen, A. (2017). Risk factors
for post-operative periprosthetic fractures following primary total hip arthroplasty with a
proximally coated double-tapered cementless femoral component. The Bone & Joint Journal, 99-
B(4),451-457.

Hailer, N. P., Garellick, G., & Karrholm, J. (2010). Uncemented and cemented primary total hip
arthroplasty in the Swedish Hip Arthroplasty Register. Acta Orthopaedica, 81(1), 34—41.

Hans, D. B., Shepherd, J. A., Schwartz, E. N., Reid, D. M., Blake, G. M., Fordham, J. N., Fuerst, T.,
Hadji, P., Itabashi, A., Krieg, M. A., & Lewiecki, E. M. (2008). Peripheral dual-energy X-ray
absorptiometry in the management of osteoporosis: the 2007 ISCD Official Positions. Journal of
Clinical Densitometry : The Official Journal of the International Society for Clinical
Densitometry, 11(1), 188-206.

Haraguchi, K., Sugano, N., Nishii, T., Koyama, T., Nishihara, S., Yoshikawa, H., & Ochi, T. (2001).
Comparison of fit and fill between anatomic stem and straight tapered stem using virtual
implantation on the ORTHODOC workstation. Computer Aided Surgery, 6(5), 290-296.

Harris, W. H. (1969). Traumatic arthritis of the hip after dislocation and acetabular fractures: treatment
by mold arthroplasty. An end-result study using a new method of result evaluation. The Journal of
Bone and Joint Surgery. American Volume, 51(4), 737-755.

Harris, W. H., Schiller, A. L., Scholler, J. M., Freiberg, R. A., & Scott, R. (1976). Extensive localized
bone resorption in the femur following total hip replacement. The Journal of Bone and Joint
Surgery. American Volume, 58(5), 612—618.

Hart, D. J., Mootoosamy, 1., Doyle, D. V, & Spector, T. D. (1994). The relationship between
osteoarthritis and osteoporosis in the general population: the Chingford Study. Annals of the
Rheumatic Diseases, 53(3), 158-162.

Hearn, S. L., Bicalho, P. S., Eng, K., Booth Jr, R. E., Hozack, W. J., & Rothman, R. H. (1995).
Comparison of cemented and cementless total hip arthroplasty in patients with bilateral hip
arthroplasties. The Journal of Arthroplasty, 10(5), 603—608.

Heller, M. O., Bergmann, G., Deuretzbacher, G., Diirselen, L., Pohl, M., Claes, L., Haas, N. P., & Duda,
G. N. (2001). Musculo-skeletal loading conditions at the hip during walking and stair climbing.
Journal of Biomechanics, 34(7), 883—-893.

Issa, K., Pivec, R., Wuestemann, T., Tatevossian, T., Nevelos, J., & Mont, M. A. (2014). Radiographic
fit and fill analysis of a new second-generation proximally coated cementless stem compared to its
predicate design. The Journal of Arthroplasty, 29(1), 192—198.

Jacobs, C. A., & Christensen, C. P. (2009). Progressive subsidence of a tapered, proximally coated
femoral stem in total hip arthroplasty. International Orthopaedics, 33(4), 917-922.

79



Sanaz Nazari Farsani

Jasty, M., Bragdon, C., Burke, D., O’CONNOR, D., Lowenstein, J., & Harris, W. H. (1997). In vivo
skeletal responses to porous-surfaced implants subjected to small induced motions. The Journal of
Bone and Joint Surgery.American Volume, 79, 707-714.

Jones, L. C., & Hungerford, D. S. (1987). Cement disease. Clinical Orthopaedics and Related
Research, 225, 192-206.

Kaptein, B. L., Valstar, E. R., Spoor, C. W., Stoel, B. C., & Rozing, P. M. (2006). Model-based RSA
of a femoral hip stem using surface and geometrical shape models. Clinical Orthopaedics and
Related Research, 448, 92-97.

Kaptein, B. L., Valstar, E. R., Stoel, B. C., Rozing, P. M., & Reiber, J. H. C. (2003). A new model-
based RSA method validated using CAD models and models from reversed engineering. Journal
of Biomechanics, 36(6), 873—882.

Karjalainen, J. P., Riekkinen, O., & Kroger, H. (2018). Pulse-echo ultrasound method for detection of
post-menopausal women with osteoporotic BMD. Osteoporosis International, 29(5), 1193—1199.

Karjalainen, J. P., Riekkinen, O., Toyras, J., Hakulinen, M., Kroger, H., Rikkonen, T., Salovaara, K.,
& Jurvelin, J. S. (2012). Multi-site bone ultrasound measurements in elderly women with and
without previous hip fractures. Osteoporosis International, 23(4), 1287-1295.

Karjalainen, J. P., Riekkinen, O., Toyras, J., Jurvelin, J. S., & Kroger, H. (2016). New method for point-
of-care osteoporosis screening and diagnostics. Osteoporosis International, 27(3), 971-977.

Karjalainen, J., Riekkinen, O., Toyras, J., Kroger, H., & Jurvelin, J. (2008). Ultrasonic assessment of
cortical bone thickness in vitro and in vivo. IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, 55(10), 2191-2197.

Karrholm, J. (1989). Roentgen stereophotogrammetry. Review of orthopedic applications. Acta
Orthopaedica Scandinavica, 60(4), 491-503.

Kaérrholm, J. (2012). Radiostereometric analysis of early implant migration - a valuable tool to ensure
proper introduction of new implants. Acta Orthopaedica, 83(6), 551-552.

Kaérrholm, J., Anderberg, C., Snorrason, F., Thanner, J., Langeland, N., Malchau, H., & Herberts, P.
(2002). Evaluation of a femoral stem with reduced stiffness. A randomized study with use of
radiostereometry and bone densitometry. The Journal of Bone and Joint Surgery.American
Volume, 84-4(9), 1651-1658.

Kérrholm, J., Borssen, B., Lowenhielm, G., & Snorrason, F. (1994). Does early micromotion of femoral
stem prostheses matter? 4-7-year stereoradiographic follow-up of 84 cemented prostheses. The
Journal of Bone and Joint Surgery.British Volume, 76(6), 912-917.

Kérrholm, J., Herberts, P., Hultmark, P., Malchau, H., Nivbrant, B., & Thanner, J. (1997).
Radiostereometry of hip prostheses: Review of methodology and clinical results. Clinical
Orthopaedics and Related Research, 344, 94—110.

Kassi, J.-P., Heller, M. O., Stoeckle, U., Perka, C., & Duda, G. N. (2005). Stair climbing is more critical
than walking in pre-clinical assessment of primary stability in cementless THA in vitro. Journal
of Biomechanics, 38(5), 1143—1154.

Keisu, K. S., Orozco, F., Sharkey, P. F., Hozack, W. J., Rothman, R. H., & McGuigan, F. X. (2001).
Primary cementless total hip arthroplasty in octogenarians. Two to eleven-year follow-up. The
Journal of Bone and Joint Surgery.American Volume, 83-A(3), 359-363.

Kennel, K. A., & Drake, M. T. (2009). Adverse effects of bisphosphonates: implications for
osteoporosis management. Mayo Clinic Proceedings, 84(7), 632—638.

Kerner, J., Huiskes, R., van Lenthe, G. H., Weinans, H., van Rietbergen, B., Engh, C. A., & Amis, A.
A. (1999). Correlation between pre-operative periprosthetic bone density and post-operative bone
loss in THA can be explained by strain-adaptive remodelling. Journal of Biomechanics, 32(7),
695-703.

Khanuja, H. S., Vakil, J. J., Goddard, M. S., & Mont, M. A. (2011). Cementless femoral fixation in
total hip arthroplasty. The Journal of Bone and Joint Surgery.American Volume, 32, 1510-1515.

80



References

Khatod, M., Inacio, M. C. S., Dell, R. M., Bini, S. A., Paxton, E. W., & Namba, R. S. (2015).
Association of Bisphosphonate Use and Risk of Revision After THA: Outcomes From a US Total
Joint Replacement Registry. Clinical Orthopaedics and Related Research, 473(11), 3412-3420.

Kim, H.-S., & Yang, S.-O. (2014). Quality Control of DXA System and Precision Test of Radio-
technologists. Journal of Bone Metabolism, 21(1), 2-7.

Kim, J. T., & Yoo, J. J. (2016). Implant Design in Cementless Hip Arthroplasty. Hip & Pelvis, 28(2),
65-75.

Knight, S. R., Aujla, R., & Biswas, S. P. (2011). Total Hip Arthroplasty - over 100 years of operative
history. Orthopedic Reviews, 3(2), el6—¢16.

Knusten, A. R., Ebramzadeh, E., Longjohn, D. B., & Sangiorgio, S. N. (2014). Systematic analysis of
bisphosphonate intervention on periprosthetic BMD as a function of stem design. The Journal of
Arthroplasty, 29(6), 1292-1297.

Krieg, M.-A., Barkmann, R., Gonnelli, S., Stewart, A., Bauer, D. C., Del Rio Barquero, L., Kaufman,
J. J., Lorenc, R., Miller, P. D., Olszynski, W. P., Poiana, C., Schott, A.-M., Lewiecki, E. M., &
Hans, D. (2008). Quantitative ultrasound in the management of osteoporosis: the 2007 ISCD
Official Positions. Journal of Clinical Densitometry, 11(1), 163—187.

Krismer, M., Biedermann, R., Stockl, B., Fischer, M., Bauer, R., & Haid, C. (1999). The prediction of
failure of the stem in THR by measurement of early migration using EBRA-FCA. Einzel-Bild-
Roentgen-Analyse-femoral component analysis. The Journal of Bone and Joint Surgery.British
Volume, 81(2), 273-280.

Krismer, M., Stockl, B., Fischer, M., Bauer, R., Mayrhofer, P., & Ogon, M. (1996). Early migration
predicts late aseptic failure of hip sockets. The Journal of Bone and Joint Surgery. British Volume,
78(3), 422-426.

Kuiper, J. W., van Kuijk, C., Grashuis, J. L., Ederveen, A. G., & Schutte, H. E. (1996). Accuracy and
the influence of marrow fat on quantitative CT and dual-energy X-ray absorptiometry
measurements of the femoral neck in vitro. Osteoporosis International, 6(1), 25-30.

Kutzner, K P, Kovacevic, M. P., Freitag, T., Fuchs, A., Reichel, H., & Bieger, R. (2016). Influence of
patient-related characteristics on early migration in calcar-guided short-stem total hip arthroplasty:
a 2-year migration analysis using EBRA-FCA. Journal of Orthopaedic Surgery and Research, 11,
24-29.

Kutzner, Karl Philipp, Ried, E., Donner, S., Bieger, R., Pfeil, J., & Freitag, T. (2020). Mid-term
migration pattern of a calcar-guided short stem: A five-year EBRA-FCA-study. Journal of
Orthopaedic Science.

Laine, H. J., Pajamaki, K. J., Moilanen, T., & Lehto, M. U. (2001). The femoral canal fill of two
different cementless stem designs. The accuracy of radiographs compared to computed
tomographic scanning. International Orthopaedics, 25(4), 209-213.

Laine, H. J., Puolakka, T. J., Moilanen, T., Pajamaki, K. J., Wirta, J., & Lehto, M. U. (2000). The effects
of cementless femoral stem shape and proximal surface texture on “fit-and-fill”” characteristics and
on bone remodeling. International Orthopaedics, 24(4), 184-190.

Langton, C. M., Palmer, S. B., & Porter, R. W. (1984). The measurement of broadband ultrasonic
attenuation in cancellous bone. Engineering in Medicine, 13(2), 89-91.

Laucis, N. C., Hays, R. D., & Bhattacharyya, T. (2015). Scoring the SF-36 in Orthopaedics: A Brief
Guide. The Journal of Bone and Joint Surgery. American Volume, 97(19), 1628—1634.

Learmonth, I. D., Young, C. F. A. U., & Rorabeck, C. (2007). The operation of the century: total hip
replacement. The Lancet, 370, 1508-1519.

Levine, B. R., Sporer, S., Poggie, R. A., Della Valle, C. J., & Jacobs, J. J. (2006). Experimental and
clinical performance of porous tantalum in orthopedic surgery. Biomaterials, 27(27), 4671—4681.

Lewiecki, E. M. (2018). New and emerging concepts in the use of denosumab for the treatment of
osteoporosis. Therapeutic Advances in Musculoskeletal Disease, 10(11), 209-223.

81



Sanaz Nazari Farsani

Li, Y., Rohrl, S. M., Boe, B., & Nordsletten, L. (2014). Comparison of two different Radiostereometric
analysis (RSA) systems with markerless elementary geometrical shape modeling for the
measurement of stem migration. Clinical Biomechanics, 29(8), 950-955.

Lieberman, J. R., Dorey, F., Shekelle, P., Schumacher, L., Kilgus, D. J., Thomas, B. J., & Finerman,
G. A. (1997). Outcome after total hip arthroplasty. Comparison of a traditional disease-specific
and a quality-of-life measurement of outcome. The Journal of Arthroplasty, 12(6), 639—645.

Lin, T., Yan, S. G., Cai, X. Z., & Ying, Z. M. (2012). Bisphosphonates for periprosthetic bone loss after
joint arthroplasty: a meta-analysis of 14 randomized controlled trials. Osteoporosis International,
23(6), 1823-1834.

Lindahl, H., Oden, A., Garellick, G., & Malchau, H. (2007). The excess mortality due to periprosthetic
femur fracture. A study from the Swedish national hip arthroplasty register. Bone, 40(5), 1294—
1298.

Lindgren, L., Jorgensen, P. B., Morup, R. M. S., Jensen, M., Romer, L., Kaptein, B., & Stilling, M.
(2019). Similar patient positioning: A key factor in follow-up studies when using model-based
radiostereometric analysis of the hip. Radiography.

Lingard, E. A., Mitchell, S. Y., Francis, R. M., Rawlings, D., Peaston, R., Birrell, F. N., & McCaskie,
A. W. (2010). The prevalence of osteoporosis in patients with severe hip and knee osteoarthritis
awaiting joint arthroplasty. Age and Ageing, 39(2), 234-239.

Luites, J. W., Spruit, M., Hellemondt, G. G., Horstmann, W. G., & Valstar, E. R. (2006). Failure of the
uncoated titanium ProxiLock femoral hip prosthesis. Clinical Orthopaedics and Related Research,
448, 79-86.

Madanat, R., Makinen, T. J., Moritz, N., Mattila, K. T., & Aro, H. T. (2005). Accuracy and precision
of radiostereometric analysis in the measurement of three-dimensional micromotion in a fracture
model of the distal radius. Journal of Orthopaedic Research : Official Publication of the
Orthopaedic Research Society, 23(2), 481-488.

Madanat, R., Strandberg, N., Moritz, N., Mattila, K., Vahlberg, T., & Aro, H. T. (2012).
Radiostereometric analysis in measurements of migration and inducible micromotion in intra-
articular distal radius fractures treated with a volar plate. Journal of Orthopaedic Trauma, 26,
e153—-e160.

Mahmood, S. S., Mukka, S. S., Crnalic, S., Wretenberg, P., & Sayed-Noor, A. S. (2016). Association
between changes in global femoral offset after total hip arthroplasty and function, quality of life,
and abductor muscle strength. A prospective cohort study of 222 patients. Acta Orthopaedica,
87(1), 36-41.

Mikeld, K. T., Matilainen, M., Pulkkinen, P., Fenstad, A. M., Havelin, L., Engesacter, L., Furnes, O.,
Pedersen, A. B., & Overgaard, Séren and Kédrrholm, J. and others. (2014). Failure rate of cemented
and uncemented total hip replacements: register study of combined Nordic database of four
nations. BMJ, 348, £7592.

Maikinen, T J, Alm, J. J., Laine, H., Svedstrom, E., & Aro, H. T. (2007). The incidence of osteopenia
and osteoporosis in women with hip osteoarthritis scheduled for cementless total joint replacement.
Bone, 40(4), 1041-1047.

Makinen, Tatu J, Koort, J. K., Mattila, K. T., & Aro, H. T. (2004). Precision measurements of the RSA
method using a phantom model of hip prosthesis. Journal of Biomechanics, 37(4), 487—493.
Maloney, W. J., Jasty, M., Rosenberg, A., & Harris, W. (1990). Bone lysis in well-fixed cemented
femoral components. The Journal of Bone and Joint Surgery.British Volume, 72(0301-620), 966—

970.

Martin, T., Gooi, J. H., & Sims, N. A. (2009). Molecular mechanisms in coupling of bone formation to
resorption. Critical Reviews in Eukaryotic Gene Expression, 19(1), 73-88.

Massie, A., Reid, D. M., & Porter, R. W. (1993). Screening for osteoporosis: comparison between dual
energy X-ray absorptiometry and broadband ultrasound attenuation in 1000 perimenopausal
women. Osteoporosis International, 3(2), 107-110.

82



References

Mavrogenis, A., Dimitriou, R., Parvizi, J., & Babis, G. (2009). Biology of implant osseointegration.
Journal of Musculoskeletal & Neuronal Interactions, 9, 61-71.

McCloskey, E. V, Vasireddy, S., Threlkeld, J., Eastaugh, J., Parry, A., Bonnet, N., Beneton, M., Kanis,
J. A., & Charlesworth, D. (2008). Vertebral fracture assessment (VFA) with a densitometer
predicts future fractures in elderly women unselected for osteoporosis. Journal of Bone and
Mineral Research, 23(10), 1561-1568.

McClung, M. R., Wagman, R. B., Miller, P. D., Wang, A., & Lewiecki, E. M. (2017). Observations
following discontinuation of long-term denosumab therapy. Osteoporosis International, 28(5),
1723-1732.

McConnell, S., Kolopack, P., & Davis, A. M. (2001). The Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC): a review of its utility and measurement properties. Arthritis and
Rheumatism, 45(5), 453-461.

McCrory, J. L., White, S. C., & Lifeso, R. M. (2001). Vertical ground reaction forces: objective
measures of gait following hip arthroplasty. Gait & Posture, 14(2), 104-109.

McLaughlin, J. R., & Lee, K. R. (2016). Total Hip Arthroplasty With an Uncemented Tapered Femoral
Component in Patients Younger Than 50 Years of Age: A Minimum 20-Year Follow-Up Study.
The Journal of Arthroplasty, 31(6), 1275-1278.

Meneghini, R. M., Smits, S. A., Swinford, R. R., & Bahamonde, R. E. (2008). A randomized,
prospective study of 3 minimally invasive surgical approaches in total hip arthroplasty:
comprehensive gait analysis. The Journal of Arthroplasty, 23(6 Suppl 1), 68-73.

Mont, M. A., Seyler, T. M., Ragland, P. S., Starr, R., Erhart, J., & Bhave, A. (2007). Gait analysis of
patients with resurfacing hip arthroplasty compared with hip osteoarthritis and standard total hip
arthroplasty. The Journal of Arthroplasty, 22(1), 100-108.

Morgano, Steven M and VanBlarcom, Clifford W and Ferro, Keith J and Bartlett, D. W. (2017). The
Glossary of Prosthodontic Terms: Ninth Edition. Journal of Prosthetic Dentistry, 117(5), e1—e105.

Moritz, N., Alm, J. J., Lankinen, P., Makinen, T. J., Mattila, K., & Aro, H. T. (2011). Quality of
intertrochanteric cancellous bone as predictor of femoral stem RSA migration in cementless total
hip arthroplasty. Journal of Biomechanics, 44(2), 221-227.

Muraki, S., Yamamoto, S., Ishibashi, H., Horiuchi, T., Hosoi, T., Orimo, H., & Nakamura, K. (2004).
Impact of degenerative spinal diseases on bone mineral density of the lumbar spine in elderly
women. Osteoporosis International, 15(9), 724-728.

Muren, O., Akbarian, E., Salemyr, M., Boden, H., Eisler, T., Stark, A., & Skoldenberg, O. (2015). No
effect of risedronate on femoral periprosthetic bone loss following total hip arthroplasty. A 4-year
follow-up of 61 patients in a double-blind, randomized placebo-controlled trial. Acta
Orthopaedica, 86(5), 569-574.

Naidu, S. H., Cuckler, J. M., Burkholder, T., & Ducheyne, P. (1996). Initial stability of a modular
uncemented, porous-coated femoral stem: a mechanical study. American Journal of Orthopedics
(Belle Mead, N.J.), 25(12), 829-834.

Nayak, S., Olkin, L., Liu, H., Grabe, M., Gould, M. K., Allen, I. E., Owens, D. K., & Bravata, D. M.
(2006). Meta-analysis: accuracy of quantitative ultrasound for identifying patients with
osteoporosis. Annals of Internal Medicine, 144(11), 832-841.

Nevitt, M. C., Lane, N. E., Scott, J. C., Hochberg, M. C., Pressman, A. R., Genant, H. K., & Cummings,
S. R. (1995). Radiographic osteoarthritis of the hip and bone mineral density. The Study of
Osteoporotic Fractures Research Group. Arthritis and Rheumatism, 38(7), 907-916.

Noble, P. C., Alexander, J. W., Lindahl, L. J., Yew, D. T., Granberry, W. M., & Tullos, H. S. (1988).
The anatomic basis of femoral component design. Clinical Orthopaedics and Related Research,
(235)(235), 148-165.

Noble, P. C., Box, G. G., Kamaric, E., Fink, M. J., Alexander, J. W., & Tullos, H. S. (1995). The effect
of aging on the shape of the proximal femur. Clinical Orthopaedics and Related Research,
(316)(316), 31-44.

83



Sanaz Nazari Farsani

Nysted, M., Benum, P., Klaksvik, J., Foss, O., & Aamodt, A. (2011). Periprosthetic bone loss after
insertion of an uncemented, customized femoral stem and an uncemented anatomical stem. A
randomized DXA study with 5-year follow-up. Acta Orthopaedica, 82(4), 410-416.

Nysted, M., Foss, O. A., Klaksvik, J., Benum, P., Haugan, K., Husby, O. S., & Aamodt, A. (2014).
Small and similar amounts of micromotion in an anatomical stem and a customized cementless
femoral stem in regular-shaped femurs. A S-year follow-up randomized RSA study. Acta
Orthopaedica, 85(2), 152—158.

Nystrom, A., Kiritopoulos, D., Ullmark, G., Sorensen, J., Petren-Mallmin, M., Milbrink, J., Hailer, N.
P., & Mallmin, H. (2020). Denosumab Prevents Early Periprosthetic Bone Loss After Uncemented
Total Hip Arthroplasty: Results from a Randomized Placebo-Controlled Clinical Trial. Journal of
Bone and Mineral Research, 35(2), 239-247.

Ohl, M. D., Whiteside, L. A., McCarthy, D. S., & White, S. E. (1993). Torsional fixation of a modular
femoral hip component. Clinical Orthopaedics and Related Research, 287, 135-141.

Onsten, I, Berzins, A., Shott, S., & Sumner, D. R. (2001). Accuracy and precision of radiostereometric
analysis in the measurement of THR femoral component translations: human and canine in vitro
models. In Journal of orthopaedic research.

Ostbyhaug, P. O., Klaksvik, J., Romundstad, P., & Aamodt, A. (2010). Primary stability of custom and
anatomical uncemented femoral stems: a method for three-dimensional in vitro measurement of
implant stability. Clinical Biomechanics, 25(4), 318-324.

Parvizi, J., Keisu, K. S., Hozack, W. J., Sharkey, P. F., & Rothman, R. H. (2004). Primary total hip
arthroplasty with an uncemented femoral component: a long-term study of the Taperloc stem. The
Journal of Arthroplasty, 19(2), 151-156.

Peel, N. F., Barrington, N. A., Blumsohn, A., Colwell, A., Hannon, R., & Eastell, R. (1995). Bone
mineral density and bone turnover in spinal osteoarthrosis. Annals of the Rheumatic Diseases,
54(11), 867-871.

Peitgen, D. S., Innmann, M. M., Merle, C., Gotterbarm, T., Moradi, B., & Streit, M. R. (2018).
Periprosthetic Bone Mineral Density Around Uncemented Titanium Stems in the Second and Third
Decade After Total Hip Arthroplasty: A DXA Study After 12, 17 and 21 Years. Calcified Tissue
International, 103(4), 372-379.

Pezzuti, 1. L., Kakehasi, A. M., Filgueiras, M. T., de Guimaraes, J. A., de Lacerda, I. A. C., & Silva, I.
N. (2017). Imaging methods for bone mass evaluation during childhood and adolescence: an
update. Journal of Pediatric Endocrinology & Metabolism : JPEM, 30(5), 485-497.

Pijls, B G, & Nelissen, R. G. H. H. (2016). The era of phased introduction of new implants. In Bone &
joint research (Vol. 5, Issue 6, pp. 215-217).

Pijls, Bart G, Valstar, E. R., Nouta, K.-A., Plevier, J. W., Fiocco, M., Middeldorp, S., & Nelissen, R.
G. (2012). Early migration of tibial components is associated with late revision: a systematic
review and meta-analysis of 21,000 knee arthroplasties. Acta Orthopaedica, 83(6), 614—624.

Pilliar, R. M., Lee, J. M., & Maniatopoulos, C. (1986). Observations on the effect of movement on bone
ingrowth into porous-surfaced implants. Clinical Orthopaedics and Related Research, 208, 108—
113.

Ponzio, D. Y., Shahi, A., Park, A. G., & Purtill, J. J. (2015). Intraoperative Proximal Femoral Fracture
in Primary Cementless Total Hip Arthroplasty. The Journal of Arthroplasty, 30(8), 1418—1422.

Prieto-Alhambra, D., Javaid, M. K., Judge, A., Murray, D., Carr, A., Cooper, C., & Arden, N. K. (2011).
Association between bisphosphonate use and implant survival after primary total arthroplasty of
the knee or hip: population based retrospective cohort study. BMJ (Clinical Research Ed.), 343,
d7222.

Prins, A. H., Kaptein, B. L., Stoel, B. C., Nelissen, R. G. H. H., Reiber, J. H. C., & Valstar, E. R. (2008).
Handling modular hip implants in model-based RSA: Combined stem-head models. Journal of
Biomechanics, 41(14), 2912-2917.

84



References

Queen, R. M., Butler, R. J., Watters, T. S., Kelley, S. S., Attarian, D. E., & Bolognesi, M. P. (2011).
The effect of total hip arthroplasty surgical approach on postoperative gait mechanics. The Journal
of Arthroplasty, 26(6 Suppl), 66-71.

Queen, R. M., Watters, T. S., Abbey, A. N., Sabesan, V. J., Vail, T. P., & Bolognesi, M. P. (2011). Gait
symmetry: a comparison of hip resurfacing and jumbo head total hip arthroplasty patients. The
Journal of Arthroplasty, 26(5), 680—685.

Quintana, J. M., Escobar, A., Bilbao, A., Arostegui, I., Lafuente, 1., & Vidaurreta, 1. (2005).
Responsiveness and clinically important differences for the WOMAC and SF-36 after hip joint
replacement. Osteoarthritis and Cartilage, 13(12), 1076—-1083.

Rahmy, A. 1., Gosens, T., Blake, G. M., Tonino, A., & Fogelman, 1. (2004). Periprosthetic bone
remodelling of two types of uncemented femoral implant with proximal hydroxyapatite coating: a
3-year follow-up study addressing the influence of prosthesis design and preoperative bone density
on periprosthetic bone loss. Osteoporosis International, 15(4), 281-289.

Rasch, A., Bystrom, A. H., Dalen, N., Martinez-Carranza, N., & Berg, H. E. (2009). Persisting muscle
atrophy two years after replacement of the hip. The Journal of Bone and Joint Surgery.British
Volume, 91(5), 583-588.

Riley, S. A., Spears, J. R., Smith, L. S., Mont, M. A., Elmallah, R. K., Cherian, J. J., & Malkani, A. L.
(2016). Cementless Tapered Femoral Stems for Total Hip Arthroplasty in Octogenarians. The
Journal of Arthroplasty, 31(12), 2810-2813.

Riviere, C., Grappiolo, G., Engh, C. A. J., Vidalain, J.-P., Chen, A.-F., Boehler, N., Matta, J., &
Vendittoli, P.-A. (2018). Long-term bone remodelling around “legendary” cementless femoral
stems. EFORT Open Reviews, 3(2), 45-57.

Rolfson, O., Bohm, E., Franklin, P., Lyman, S., Denissen, G., Dawson, J., Dunn, J., Eresian Chenok,
K., Dunbar, M., Overgaard, S., Garellick, G., & Lubbeke, A. (2016). Patient-reported outcome
measures in arthroplasty registries Report of the Patient-Reported Outcome Measures Working
Group of the International Society of Arthroplasty Registries Part I1I. Recommendations for
selection, administration, and analysis. Acta Orthopaedica, 87 Supp! 1, 9-23.

Rorabeck, C. H., Bourne, R. B., Laupacis, A., Feeny, D., Wong, C., Tugwell, P., Leslie, K., & Bullas,
R. (1994). A double-blind study of 250 cases comparing cemented with cementless total hip
arthroplasty. Cost-effectiveness and its impact on health-related quality of life. Clinical
Orthopaedics and Related Research, 0009-921, 156—164.

Russell, G., Mueller, G., Shipman, C., & Croucher, P. (2001). Clinical disorders of bone resorption.
Novartis Foundation Symposium, 232,251-271.

Russell, R., Croucher, P., & Rogers, M. (1999). Bisphosphonates: pharmacology, mechanisms of action
and clinical uses. Osteoporosis International, 9.

Rutherford, M., Khan, R. J. K., Fick, D. P., Haebich, S., Nivbrant, O., & Kozak, T. (2019). Randomised
clinical trial assessing migration of uncemented primary total hip replacement stems, with and
without autologous impaction bone grafting. International Orthopaedics.

Ryd, L. (1992). Roentgen stereophotogrammetric analysis of prosthetic fixation in the hip and knee
joint. Clinical Orthopaedics and Related Research, 0009-921, 56-65.

Ryd, L. (2006). The Gothenburg Osseointegrated Titanium (GOT) hip--a new addition to the orthopedic
arsenal-- whether osseointegrated or not. Acta Orthopaedica.

Ryd, L., & Linder, L. (1989). On the correlation between micromotion and histology of the bone-
cement interface. Report of three cases of knee arthroplasty followed by roentgen
stereophotogrammetric analysis. The Journal of Arthroplasty, 4(4), 303-309.

Ryd, L., Yuan, X., & Lofgren, H. (2000). Methods for determining the accuracy of radiostereometric
analysis (RSA). Acta Orthopaedica Scandinavica, 71(4), 403—408.

Salemyr, M., Muren, O., Ahl, T., Boden, H., Eisler, T., Stark, A., & Skoldenberg, O. (2015). Lower
periprosthetic bone loss and good fixation of an ultra-short stem compared to a conventional stem
in uncemented total hip arthroplasty. Acta Orthopaedica, 86(6), 659—666.

85



Sanaz Nazari Farsani

Salo, S., Leinonen, V., Rikkonen, T., Vainio, P., Marttila, J., Honkanen, R., Tuppurainen, M., Kroger,
H., & Sirola, J. (2014). Association between bone mineral density and lumbar disc degeneration.
Maturitas, 79(4), 449-455.

Sandborn, P. M., Cook, S. D., Spires, W. P., & Kester, M. A. (1988). Tissue response to porous-coated
implants lacking initial bone apposition. The Journal of Arthroplasty, 3(4), 337-346.

Sariali, E., Klouche, S., Mouttet, A., & Pascal-Moussellard, H. (2014). The effect of femoral offset
modification on gait after total hip arthroplasty. Acta Orthopaedica, 85(2), 123—127.

Schaffler, M. B. (2003). Role of bone turnover in microdamage. Osteoporosis International, 14 Supp!
5, S73-7; discussion S77-80.

Schmalzried, T. P., Szuszczewicz, E. S., Northfield, M. R., Akizuki, K. H., Frankel, R. E., Belcher, G.,
& Amstutz, H. C. (1998). Quantitative assessment of walking activity after total hip or knee
replacement. The Journal of Bone and Joint Surgery. American Volume, 80(1), 54-59.

Schneider, E., Kinast, C., Eulenberger, J., Wyder, D., Eskilsson, G., & Perren, S. M. (1989). A
comparative study of the initial stability of cementless hip prostheses. Clinical Orthopaedics and
Related Research, 248, 200-209.

Schousboe, J. T., Riekkinen, O., & Karjalainen, J. (2017). Prediction of hip osteoporosis by DXA using
a novel pulse-echo ultrasound device. Osteoporosis International, 28(1), 85-93.

Schutz, U., Decking, J., Decking, R., & Puhl, W. (2005). Assessment of femoral component migration
in total hip arthroplasty: digital measurements compared to RSA. Acta Orthopaedica Belgica,
71(1), 65-75.

Schwesig, R., Leuchte, S., Fischer, D., Ullmann, R., & Kluttig, A. (2011). Inertial sensor based
reference gait data for healthy subjects. Gait & Posture, 33(4), 673—-678.

Seehaus, F., Emmerich, J., Kaptein, B. L., Windhagen, H., & Hurschler, C. (2013). Dependence of
model-based RSA accuracy on higher and lower implant surface model quality. Biomedical
Engineering Online, 12, 32.

Selvik, G. (1989). Roentgen stereophotogrammetry. Acta Orthopaedica Scandinavica, 60, 1-51.

Shah, F. A., Thomsen, P., & Palmquist, A. (2019). Osseointegration and current interpretations of the
bone-implant interface. Acta Biomaterialia, 84, 1-15.

Shao, L., & Wu, X.-D. (2020). The Efficacy of Denosumab for Prevention of Early Periprosthetic Bone
Loss After Cementless Total Hip Arthroplasty. In Journal of bone and mineral research.

Shigdel, R., Osima, M., Ahmed, L. A., Joakimsen, R. M., Eriksen, E. F., Zebaze, R., & Bjornerem, A.
(2015). Bone turnover markers are associated with higher cortical porosity, thinner cortices, and
larger size of the proximal femur and non-vertebral fractures. Bone, 81, 1-6.

Simpson, D. J., Kendrick, B. J., Hughes, M., Glyn-Jones, S., Gill, H. S., Rushforth, G. F., & Murray,
D. W. (2010). The migration patterns of two versions of the Furlong cementless femoral stem: a
randomised, controlled trial using radiostercometric analysis. The Journal of Bone and Joint
Surgery.British Volume, 92(10), 1356-1362.

Singh, J. A., Schleck, C., Harmsen, S., & Lewallen, D. (2016). Clinically important improvement
thresholds for Harris Hip Score and its ability to predict revision risk after primary total hip
arthroplasty. BMC Musculoskeletal Disorders, 17(1), 256-258.

Skodenberg, O. G., Sj60, H., Kelly-Pettersson, P., Boden, H., Eisler, T., Stark, A., & Muren, O. (2014).
Good stability but high periprosthetic bone mineral loss and late-occurring periprosthetic fractures
with use of uncemented tapered femoral stems in patients with a femoral neck fracture. Acta
Orthopaedica, 85, 396—402.

Skoldenberg, O., Salemyr, M. O., Boden, H. S., Ahl, T. E., & Adolphson, P. (2011). The effect of
weekly risedronate on periprosthetic bone resorption following total hip arthroplasty: a
randomized, double-blind, placebo-controlled trial. The Journal of Bone and Joint Surgery.
American Volume, 93(20), 1857-1864.

Séderman, P., Malchau, H., & Herberts, P. (2001). Outcome of total hip replacement: a comparison of
different measurement methods. Clinical Orthopaedics and Related Research, 390, 163—172.

86



References

Soohoo, N. F., Vyas, R. M., Samimi, D. B., Molina, R., & Lieberman, J. R. (2007). Comparison of the
responsiveness of the SF-36 and WOMAC in patients undergoing total hip arthroplasty. The
Journal of Arthroplasty, 22(8), 1168-1173.

Stihsen, C., Radl, R., Keshmiri, A., Rehak, P., & Windhager, R. (2012). Subsidence of a cementless
femoral component influenced by body weight and body mass index. International Orthopaedics,
36(5), 941-947.

Streit, M. R., Haeussler, D., Bruckner, T., Proctor, T., Innmann, M. M., Merle, C., Gotterbarm, T., &
Weiss, S. (2016). Early Migration Predicts Aseptic Loosening of Cementless Femoral Stems: A
Long-term Study. Clinical Orthopaedics and Related Research, 474(7), 1697-1706.

Streit, M. R., Merle, C., Clarius, M., & Aldinger, P. R. (2011). Late peri-prosthetic femoral fracture as
a major mode of failure in uncemented primary hip replacement. The Journal of Bone and Joint
Surgery.British Volume, 93(2), 178—183.

Strom, H, Kolstad, K., Mallmin, H., Sahlstedt, B., & Milbrink, J. (2006). Comparison of the
uncemented Cone and the cemented Bimetric hip prosthesis in young patients with osteoarthritis:
an RSA, clinical and radiographic study. Acta Orthopaedica, 77(1), 71-78.

Strom, Hakan, Nilsson, O., Milbrink, J., Mallmin, H., & Larsson, S. (2007). The effect of early weight
bearing on migration pattern of the uncemented CLS stem in total hip arthroplasty. The Journal of
Arthroplasty, 22(8), 1122-1129.

Sumner, D. R. (2015). Long-term implant fixation and stress-shielding in total hip replacement. Journal
of Biomechanics, 48(5), 797-800.

Tanzer, M., Graves, S. E., Peng, A., & Shimmin, A. J. (2018). Is Cemented or Cementless Femoral
Stem Fixation More Durable in Patients Older Than 75 Years of Age? A Comparison of the Best-
performing Stems. Clinical Orthopaedics and Related Research, 476(7), 1428—1437.

Tapaninen, T. S., Venesmaa, P. K., Jurvelin, J. S., Miettinen, H. J. A., & Kroger, H. P. J. (2010).
Alendronate reduces periprosthetic bone loss after uncemented primary total hip arthroplasty - a
S-year follow-up of 16 patients. Scandinavian Journal of Surgery, 99(1), 32-37.

Tarala, M., Janssen, D. F. A. U., & Verdonschot, N. (2013). Toward a method to simulate the process
of' bone ingrowth in cementless THA using finite element method. Medical Engineering & Physics,
35, 543-548.

Teloken, M. A., Bissett, G., Hozack, W. J., Sharkey, P. F., & Rothman, R. H. (2002). Ten to fifteen-
year follow-up after total hip arthroplasty with a tapered cobalt-chromium femoral component (tri-
lock) inserted without cement. The Journal of Bone and Joint Surgery.American Volume, 84-
A(12),2140-2144.

Teng, S., Yi, C., Krettek, C., & Jagodzinski, M. (2015). Bisphosphonate Use and Risk of Implant
Revision after Total Hip/Knee Arthroplasty: A Meta-Analysis of Observational Studies. PloS One,
10(10), €0139927.

Thien, T. M., Ahnfelt, L., Eriksson, M., Stromberg, C., & Karrholm, J. (2007). Immediate weight
bearing after uncemented total hip arthroplasty with an anteverted stem: a prospective randomized
comparison using radiostereometry. Acta Orthopaedica, 78(6), 730-738.

Thien, T. M., Chatziagorou, G., Garellick, G., Furnes, O., Havelin, L. 1., Makela, K., Overgaard, S.,
Pedersen, A., Eskelinen, A., Pulkkinen, P., & Karrholm, J. (2014). Periprosthetic femoral fracture
within two years after total hip replacement: analysis of 437,629 operations in the nordic
arthroplasty register association database. The Journal of Bone and Joint Surgery.American
Volume, 96(19), e167.

Toogood, P. A., Abdel, M. P., Spear, J. A., Cook, S. M., Cook, D. J., & Taunton, M. J. (2016). The
monitoring of activity at home after total hip arthroplasty. The Bone & Joint Journal, 98-B(11),
1450-1454.

Toogood, P. A., & Vail, T. P. (2015). Periprosthetic Fractures: A Common Problem with a
Disproportionately High Impact on Healthcare Resources. The Journal of Arthroplasty, 30, 1688—
1691.

87



Sanaz Nazari Farsani

Valstar, E R, de Jong, F. W., Vrooman, H. A., Rozing, P. M., & Reiber, J. H. (2001a). Model-based
Roentgen stereophotogrammetry of orthopaedic implants. Journal of Biomechanics, 34(6), 715—
722.

Valstar, E R, de Jong, F. W., Vrooman, H. A., Rozing, P. M., & Reiber, J. H. (2001b). ona. Journal of
Biomechanics, 34(6), 715-722.

Valstar, E R, Gill, R., Ryd, L., Flivik, G., Borlin, N., & Karrholm, J. (2005). Guidelines for
standardization of radiostereometry (RSA) of implants. Acta Orthopaedica, 76(4), 563-572.
Valstar, Edward R., Nelissen, R. G. H. H., Reiber, J. H. C., & Rozing, P. M. (2002). The use of
Roentgen stereophotogrammetry to study micromotion of orthopaedic implants. ISPRS Journal of

Photogrammetry and Remote Sensing, 56(5-6), 376-389.

van der Voort, P., Pijls, B. G., Nieuwenhuijse, M. J., Jasper, J., Fiocco, M., Plevier, J. W., Middeldorp,
S., Valstar, E. R., & Nelissen, R. G. (2015). Early subsidence of shape-closed hip arthroplasty
stems is associated with late revision. A systematic review and meta-analysis of 24 RSA studies
and 56 survival studies. Acta Orthopaedica, 86(5), 575-585.

Venesmaa, P K, Kroger, H. P., Miettinen, H. J., Jurvelin, J. S., Suomalainen, O. T., & Alhav, E. M.
(2001). Alendronate reduces periprosthetic bone loss after uncemented primary total hip
arthroplasty: a prospective randomized study. Journal of Bone and Mineral Research, 16(11),
2126-2131.

Venesmaa, Petri K, Kroger, H. P. J., Jurvelin, J. S., Miettinen, H. J. A., Suomalainen, O. T., & Alhava,
E. M. (2003). Periprosthetic bone loss after cemented total hip arthroplasty: a prospective 5-year
dual energy radiographic absorptiometry study of 15 patients. Acta Orthopaedica Scandinavica,
74(1), 31-36.

Warth, L. C., Grant, T. W., Naveen, N. B., Deckard, E. R., Ziemba-Davis, M., & Meneghini, R. M.
(2020). Inadequate Metadiaphyseal Fill of a Modern Taper-Wedge Stem Increases Subsidence and
Risk of Aseptic Loosening: Technique and Distal Canal Fill Matter! The Journal of Arthroplasty.

Watts, C. D., Abdel, M. P., Lewallen, D. G., Berry, D. J., & Hanssen, A. D. (2015). Increased risk of
periprosthetic femur fractures associated with a unique cementless stem design. Clinical
Orthopaedics and Related Research, 473(6), 2045-2053.

Wear, K. A. (2003). Autocorrelation and cepstral methods for measurement of tibial cortical thickness.
IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 50(6), 655—660.
Weber, E., Sundberg, M., & Flivik, G. (2014). Design modifications of the uncemented Furlong hip
stem result in minor early subsidence but do not affect further stability: a randomized controlled

RSA study with 5-year follow-up. Acta Orthopaedica, 85(6), 556-561.

White, C. A., Carsen, S., Rasuli, K., Feibel, R. J., Kim, P. R., & Beaule, P. E. (2012). High incidence
of migration with poor initial fixation of the Accolade stem. Clinical Orthopaedics and Related
Research, 470(0009-921), 410-417.

Wilkinson, J. M., Eagleton, A. C., Stockley, 1., Peel, N. F. A., Hamer, A. J., & Eastell, R. (2005). Effect
of pamidronate on bone turnover and implant migration after total hip arthroplasty: a randomized
trial. Journal of Orthopaedic Research, 23(1), 1-8.

Winzenrieth, R., Humbert, L., Di Gregorio, S., Bonel, E., Garcia, M., & Del Rio, L. (2018). Effects of
osteoporosis drug treatments on cortical and trabecular bone in the femur using DXA-based 3D
modeling. Osteoporosis International, 29(10), 2323-2333.

Wolf, O., Mattsson, P., Milbrink, J., Larsson, S., & Mallmin, H. (2010). Periprosthetic bone mineral
density and fixation of the uncemented CLS stem related to different weight bearing regimes: A
randomized study using DXA and RSA in 38 patients followed for 5 years. Acta Orthopaedica,
81(3), 286-291.

Wolf, O., Milbrink, J., Larsson, S., Mattsson, P., & Mallmin, H. (2010). The optimal timing of baseline
radiostereometric analysis of uncemented press fit cups. Scandinavian Journal of Surgery, 99(4),
244-249.

88



References

Wuestemann, T., Bastian, A., Schmidt, W., Cedermark, C., Streicher, R., Parvizi, J., & Rothman, R.
(2011). A novel technique for studying proximal femoral bone morphology for hip implant design.
Orthopaedic Proceedings, 93, 156—157.

Yamako, G., Janssen, D., Hanada, S., Anijs, T., Ochiai, K., Totoribe, K., Chosa, E., & Verdonschot, N.
(2017). Improving stress shielding following total hip arthroplasty by using a femoral stem made
of beta type Ti-33.6Nb-4Sn with a Young’s modulus gradation. Journal of Biomechanics, 63, 135—
143.

Young, H., Howey, S., & Purdie, D. W. (1993). Broadband ultrasound attenuation compared with dual-
energy X-ray absorptiometry in screening for postmenopausal low bone density. Osteoporosis
International, 3(3), 160-164.

Zebaze, R., Libanati, C., McClung, M. R., Zanchetta, J. R., Kendler, D. L., Hoiseth, A., Wang, A.,
Ghasem-Zadeh, A., & Seeman, E. (2016). Denosumab Reduces Cortical Porosity of the Proximal
Femoral Shaft in Postmenopausal Women With Osteoporosis. Journal of Bone and Mineral
Research, 31(10), 1827-1834.

Zebaze, R. M., Ghasem-Zadeh, A., Bohte, A., Iuliano-Burns, S., Mirams, M., Price, R. 1., Mackie, E.
J., & Seeman, E. (2010). Intracortical remodelling and porosity in the distal radius and post-
mortem femurs of women: a cross-sectional study. Lancet (London, England), 375(9727), 1729—
1736.

Zweymuller, K. A., Lintner, F. K., & Semlitsch, M. F. (1988). Biologic fixation of a press-fit titanium
hip joint endoprosthesis. Clinical Orthopaedics and Related Research, 0009-921, 195-206.

89



‘L’?‘j’fg UNIVERSITY

i OF TURKU

W

Painosalama Oy, Turku, Finland 2020

ISBN 978-951-29-8194-6 (PRINT)
ISBN 978-951-29-8195-3 (PDF)

ISSN 0355-9483 (Print)
ISSN 2343-3213 (Online)



	Abstract
	Tiivistelmä
	Table of Contents
	Abbreviations
	List of Original Publications
	1 Introduction
	2 Review of the Literature
	2.1 Cementless total hip arthroplasty
	2.1.1 Stability of the femoral stem
	2.1.2 Principle of osseointegration of femoral stem
	2.1.3 Role of stem design
	2.1.4 Complications of cementless THA in postmenopausal women

	2.2 Assessment of bone quality
	2.2.1 Dual-energy x-ray absorptiometry
	2.2.2 Pulse-echo ultrasonometry

	2.3 Radiostereometric analysis of the femoral stem migration
	2.3.1 Marker-based and model-based RSA
	2.3.2 Accuracy and precision of RSA

	2.4 Factors contributing to femoral stem migration
	2.4.1 Patient-related factors
	2.4.2 Surgery-related factors

	2.5 Bisphosphonates and denosumab in joint arthroplasty
	2.5.1 Prevention of periprosthetic bone loss
	2.5.2 Prevention of implant migration

	2.6 Assessment of functional recovery
	2.6.1 Gait analysis
	2.6.2 Walking activity
	2.6.3 Patient-related outcome measures


	3 Aims
	4 Hypotheses
	5 Patients and study design
	6 Materials and Methods
	6.1 Accolade II hip implant
	6.2 Preclinical phantom experiment
	6.2.1 Marker-based and model-based RSA of the phantom

	6.3 Evaluation of the patient-related factors
	6.3.1 Canal flare index and femoral offset
	6.3.2 DXA and pulse-echo ultrasonometry
	6.3.3 Computed tomography of cross-sectional muscle size
	6.3.4 Walking activity monitoring using pedometer and gate analysis
	6.3.5 Patient-related outcome measures

	6.4 Evaluation of surgery-related factors
	6.4.1 Stem-to-canal fill and fit analysis

	6.5 Data analysis and statistical methods
	6.5.1 Study related data analysis
	6.5.2 Issue of outliers and missing data


	7 Result
	7.1 Accuracy and precision of model-based RSA
	7.2 Efficiency of denosumab intervention in cementless THA
	7.2.1 Intervention and clinical outcome
	7.2.2 Periprosthetic bone loss
	7.2.3 Initial femoral stem migration

	7.3 Factors contributing to initial femoral stem migration
	7.3.1 Demographics and surgical variables
	7.3.2 Postoperative walking activity

	7.4 Pulse-echo ultrasonometry in prediction of stem migration

	8 Discussion
	8.1 Model-based RSA for the measurement of femoral stem migrations
	8.2 Efficacy of denosumab in cementless THA
	8.3 Predictors of initial stem migration after cementless THA
	8.4 Role of pulse-echo ultrasonometry in the prediction of stem subsidence
	8.5 Strengths, limitations, and future aspects

	9 Conclusion
	Acknowledgments
	References


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     19.8425
     -0.2835
            
                
         Both
         2
         AllDoc
         72
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     92
     143
     142
     143
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 135 to page 143; only odd numbered pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: move left by 3.90 points
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Left
     3.8962
     -0.2835
            
                
         Odd
         135
         SubDoc
         143
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     134
     143
     142
     5
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 135 to page 143; only even numbered pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: move right by 3.90 points
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Right
     3.8962
     -0.2835
            
                
         Even
         135
         SubDoc
         143
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     134
     143
     141
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.717 x 10.630 inches / 196.0 x 270.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20200925111016
       765.3543
       Blank
       555.5906
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     3.8962
     -0.2835
            
                
         Both
         135
         AllDoc
         143
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     142
     143
     142
     143
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as page 1
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20200820152837
       841.8898
       Blank
       19.8425
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsPage
     BeforeCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     3.0200
     -0.2835
            
                
         Both
         141
         AllDoc
         156
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     91
     92
     91
     92
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 8 to page 10
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     3.0200
     -0.2835
            
                
         Both
         8
         SubDoc
         10
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     9
     92
     9
     3
      

   1
  

 HistoryList_V1
 qi2base





