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Abstract

ABSTRACT

Jessica J Alm

Bone quality and mesenchymal stromal cell capacity in total hip replacement: Significance for stem
osseointegration measured by radiostereometric analysis

University of Turku, Faculty of Medicine, Department of Orthopaedics and Traumatology, Turku Doctoral Programme
of Molecular Medicine (TuDMM), Turku University Hospital, Orthopaedic Research Unit, Turku, Finland. Annales
Universitatis Turkuensis, Medica-Odontologica, 2016, Turku, Finland

Immediate implant stability is a key factor for success in cementless total hip arthroplasty
(THA). Cementless techniques were originally designed for middle-aged patients with normal bone
structure and healing capacity, but indications have expanded to also include elderly patients. Poor
local bone quality, as a result of osteoporosis (OP), and age-related geometric changes of the
proximal femur, may jeopardize initial implant stability and lead to increased migration of the
implant components thereby compromising biological fixation and osseointegration. Mesenchymal
stromal cells (MSCs) are essential in the process of osseointegration. Age-related dysfunction of
MSCs is suggested to be a main contributory factor in altered bone repair with aging and therefore
may influence osseointegration. The hypothesis of this prospective clinical study was that
preoperative bone quality and MSC capacity dictate stability and osseointegration of femoral stems
in cementless THA, especially in women after menopause.

A total of 61 consecutive women (age <80 yrs) scheduled for cementless THA for primary hip
osteoarthritis (OA) were screened for undiagnosed primary or secondary OP, vitamin D
insufficiency and other metabolic bone diseases. Prior to THA, patients underwent aspiration of iliac
crest bone marrow for analysis of MSC capacity using optimized isolation and culturing protocols.
All patients received a cementless total hip implant with an anatomically designed hydroxyapatite
(HA) coated femoral stem and ceramic-ceramic bearings. Per-operative biopsy of the
intertrochanteric bone was taken for ex vivo analysis of the local cancellous bone quality using
micro-CT imaging and biomechanical testing. After surgery, stem migration and osseointegration
was monitored for two years using radiostereometric analysis.

The majority of women with hip OA was osteopenic or osteoporotic. These conditions were
associated with increased periprosthetic bone loss in the proximal femur and impaired initial
stability and delayed osseointegration of the femoral stem. Altered intraosseous dimensions of the
proximal femur, as well as aging, also had adverse effects on initial stem stability and were
associated with delayed osseointegration. Local bone mineral density of the operated hip and the
quality of intertrochanteric cancellous bone had less influence than expected on implant migration.
The THA females showed differences in the osteogenic properties of their MSCs. Patients with MSCs
of low in vitro osteogenic capacity displayed increased stem subsidence after the initial 3 months
settling period and thereby delayed osseointegration.

The results suggest that decreased skeletal health, such as low systemic BMD and decreased
osteogenic properties of bone marrow MSCs, has major influence on early stability and
osseointegration of cementless hip prostheses in female patients.

Keywords: Bone quality; Mesenchymal stromal cells; Cementless total hip arthroplasty;
Radiostereometric analysis; Osseointegration; Bone mineral density; DXA; Osteoporosis
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Luun laadun ja mesenkymaalisten kantasolujen toiminnan vaikutus lonkan tekonivelen paranemiseen
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Yliopistollinen keskussairaala, Ortopedian tutkimusyksikko
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Tekonivelleikkaus on erinomainen toimenpide lonkan nivelrikon hoidossa. Jos
leikkausmenetelmaksi valitaan biologisesti kiinnittyvd tekonivel, olennaisinta on saavuttaa
komponenttien valiton stabiliteetti. Se mahdollistaa uudisluun kasvun implantin karhennetulle
pinnalle. Ikdantymiseen liittyvd luuston haurastuminen ja reisiluun yldosan ydinontelon
laajentuminen voivat heikentdad tekonivelen komponenttien tukevuutta ja ndin hidastaa niiden
kiinnittymistd luuhun. Tallainen on mahdollista erityisesti naisilla vaihdevuosien jilkeen. Ndiden
potilaiden yksilolliset erot luun parantavien solujen (mesenkymaalisten kantasolujen) maarassa ja
toiminnassa voivat osaltaan vaikuttaa heidadn tekoniveltensa kiinnittymisnopeuteen.

Tahan prospektiiviseen kliiniseen tutkimukseen osallistui 61 naispotilasta, joille tehtiin
sement6imaton lonkan tekonivelleikkaus nivelrikon takia. Ennen leikkausta potilaille tehtiin
seulontatutkimukset  osteoporoosin ja  muiden luuston aineenvaihduntasairauksien
tunnistamiseksi. Leikkauksen yhteydessd potilailta otettiin luuydinniyte suoliluusta, josta
analysoitiin mesenkymaalisten kantasolujen jakautumis- ja erilaistumiskyky luunsoluiksi.
Leikkauksen aikana otettiin nayte reisiluun ylaosan hohkaluun hienorakenteen ja mekaanisten
ominaisuuksien arvioimiseksi. Leikkauksen jalkeen tekonivelen reisikomponentin kolmiulotteista
migraatiota ja kiinnittymista seurattiin radiostereometriselld analyysilld (RSA) 2 vuoden ajan.

Valtaosalla potilaista oli alentunut luuntiheys (osteopenia tai osteoporoosi). Osteopeenisilla
ja osteoporoottisilla potilailla todettiin kiihtynyttd luukatoa tekonivelen reisikomponentin
ympdrilla sekd komponentin lisddntynytta migraatiota ja hidastunutta kiinnittymistd. Reisiluun
yldosan ydinontelon laajentuminen ja potilaan korkea ika lisasivat reisikomponentin migraatiota,
mutta reisiluun hohkaluun laatu ei vaikuttanut migraation maaraan. Potilailla, joilla todettiin
mesenkymaalisten kantasolujen alentunut Kkyky erilaistua luusoluiksi in vitro, todettiin
reisikomponentin lisidntynyttd migraatiota ja hidastunutta kiinnittymista.

Tulokset osoittavat, ettd ikddntymiseen liittyvat luustomuutokset ja yksilolliset erot
mesenkymaalisten kantasolujen méirdssd ja toiminnassa voivat osaltaan vaikuttaa lonkan
tekonivelten paranemiseen naisilla vaihdevuosien jalkeen.

Avainsanat: Mesenkymaaliset kantasolut, lonkan tekonivelleikkaus, radiostereometrinen analyysi
(RSA), osseointegraatio, DXA-luuntiheysmittaus, osteoporoosi
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Inverkan av benkvalitet och mesenkymala stamcellskapaciteten pa inldkningen av cementfria
héftledsproteser

Abo Universitet, Medicinska fakulteten, Enheten fér ortopedi och traumatologi, Molekylirmedicinska
doktorandprogrammet (TuDMM), Abo Universitetscentralsjukhus, Ortopediska forskningsenheten

Annales Universitatis Turkuensis, Medica-Odontologica, 2016, Abo, Finland

Total hoftledsplastik ar en framgangsrik behandling for aterskapande av forlorad funktion och
lindring av smarta vid hoftledsartros. Vid anvandning av cementfria l1arbenskomponenter, som ar
konstruerade for biologisk fixering, ar det av yttersta vikt att uppna omedelbar mekanisk stabilitet
for att mojliggéra benvavnadens invaxt i implantatets yta och darmed en langvarig fixering. Med
stigande dlder okar skelettets skoret och larbenskanalen vidgas, vilket kan forsvaga stabiliteten av
larbenskomponenter och dirmed fordroéja fixeringen till benvavnaden. Detta ar framforallt troligt
hos kvinnor efter 6vergangsaldern, vilka utgor majoriteten av hoftledsplastikpantienterna idag. Hos
denna patientgrupp kan alders- och menopaus-relaterade forandringar i antal och kvalitet pa
benvdvnadens stamceller (mesenkymala stam celler) ytterligare fordroja inldkningen av
hoftledsproteser.

Den har prospektiva kliniska studien inkluderade 61 kvinnliga patienter som genomgick
cementrfri hoftledsplastik for hoftledsartros. Fére opertionen genomgick patienterna omfattande
screening for osteoporos samt andra benmetaboliska sjukdomar. I samband med operationen togs
ett benmargsprov fran hoftbenskammen for analys av den mesenkymala cellpopulationens formaga
att proliferera och differentiera till benceller. Under operationen togs dven en benbiopsi fran
larbenets ovre del for analys av den trabekuldra benviavnadens mikrostruktur och mekaniska
egenskaper. Efter hoftledsplastiken gjordes uppféljande métningar av larbenskomponenternas
tredimensionella mikromigration med hjalp av radiostereometrisk analys (RSA). Uppfdljningstiden
var 2 ar.

Majoriteten av patienterna diagnostiserades med 13g bentithet (osteopeni eller
osteoporos). Hos dessa patienter konstaterades en oOkad forlust av benviavnaden runt
larbenskomponenten samt en 6kad migration och fordréjd fixering av komponenten. Vidgad
larbenskanal och hogre alder var forknippade med 6kad komponentmigration, medan kvaliteten pa
larbenetes trabekuldra benviavnad inte paverkade migrationen. Hos de patienter vars mesenkymala
celler uppvisade en forsimrad bendifferentieringsformaga i cellodling konstaterades en okad
migration och fordrojd fixering av larbenskomponenten.

Resultaten pavisar att aldersrelaterade forandringar i den skeltala hilsan, sd som 6kad
benskorhet och forsdmrad bendifferentieringsformaga hos benvavnadens stamceller, inverkar pa
den tidiga ldkningsprosessen av hoftledsproteser hos kvinnor efter 6vergadngsaldern.

Nyckelord: Benkvalitet, mesenkymala (stam)celler, hoftledsplastik, osteoporos, radiostereometrisk
analys (RSA), DXA bentithetsmatning, osseointegrering
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Introduction

1 INTRODUCTION

Total hip arthroplasty (THA) is one of the most
successful medical interventions, recognized as an
effective and reliable treatment for degenerative joint
disease. Millions of patients are being operated
annually worldwide, with a global trend over the last
decade towards increased use of cementless fixation,
representing the majority of THAs in the Western
world (Sadoghi et al,, 2012).

Cementless THA relies on biological fixation of the
implant to the surrounding bone, a process
considered to take 3-6 months. Osseointegration is
defined as ingrowth and/or ongrowth of new bone to
the implant surface (Branemark et al, 1977,
Albrektsson et al., 1981). Major part of the biological
process depends on availability and function of
mesenchymal stromal cells (MSCs) (Deschaseaux et
al, 2009, Davies, 2003). Upon implantation, the
prosthesis gets in contact with resident and invading
MSCs, and under proper mechanical conditions the
outcome depends on the ability of MSCs to proliferate
and differentiate. If appropriate stem cells are not
present, osteogenesis is inhibited (Kienapfel et al,,
1999, Goodman et al., 2009). Age-related dysfunction
of MSCs is emerging as the main cause of bone loss
and altered repair with aging (Marie and Kassem,
2011, Baker et al, 2015). Decreased MSC capacity
with age is well documented in vitro, but it is unclear
how this reflects in vivo bone healing of the donors.

Initial stability achieved at time of surgery is a
prerequisite for successful biological fixation. This is
affected by implant related factors (design, chemical
composition, surface topography, coatings), surgical
technique, and the quality of the surrounding bone
bed (Khanujaetal, 2011, Engh etal., 1987). Excessive
micromotion and gaps at the interface restrain
cellular processes and inhibit osteogenesis, which
may delay or inhibit osseointegration (Pilliar et al,
1986, Daugaard et al., 2011, Vandamme et al,, 2011).
Radiostereometric analysis (RSA) is a unique method
allowing monitoring progression of implant
osseointegration in arthroplasty patients. The
method provides accurate and precise measurement
of 3-dimensional implant micromotion relative to
bone (Kirrholm et al, 1997, Valstar et al, 2005).
Osseointegration is characterized by cessation of
micromotion (Mann et al,, 2012) and by applying RSA
the time point for osseointegration can be identified.

Although cementless THA was originally
developed for middle-aged patients with normal or
close to normal bone quality, current indications
include also aged patients (Dutton and Rubash, 2008,
Troelsen etal., 2013). Today, postmenopausal women
constitute a majority of cementless THA patients
(Sadoghi et al., 2012, Makela et al.,, 2010). Based on
the traditional view of an inverse relationship
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between osteoarthritis (OA) and osteoporosis (OP)
where OA was considered to protect against OP, there
have been no indications to screen for decreased BMD
in postmenopausal females with hip OA. During THA
however, it is not uncommon to encounter large
differences in cancellous bone of these patients. It
appears that the prevalence of OP in these patients
has been clearly underestimated (Glowacki et al,
2003), and they may exhibit qualitative and
quantitative variations in their MSCs.

Despite the increasing number of cementless
THAs performed, very little is known about biological
factors actually affecting osseointegration of long-
bone prostheses. The impact of osteoporosis on
osseointegration of cementless long-bone implants
has not been systematically studied in patients.
Although MSCs are considered essential in the
process, it is unclear how intrinsic properties such as
osteogenic differentiation and ability to lay down
mineralized matrix correlate with the outcome of an
arthroplasty. RSA technology has revolutionized how
osseointegration can be monitored. Still, RSA has not
been applied to prospectively monitor early implant
migration and osseointegration of cementless
femoral stems in postmenopausal women at risk of
decreased systemic bone quality.

This doctoral thesis was initiated to investigate
the impact of bone quality on the healing of
cementless THA in postmenopausal women with
primary hip osteoarthritis. The first objective was to
investigate the skeletal health, with emphasis on
systemic BMD, in the female patients scheduled for
cementless THA. Using RSA, osseointegration was
monitored for 2 years after surgery and the impact of
preoperative systemic and local bone quality
parameters, including bone marrow MSCs, were
investigated. Although the study population is
relatively small, it still represents the largest female
population of cementless THA that have been studied
with RSA. The impact of MSC capacity on
osseointegration of cementless THA has never been
investigated before.
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Callary etal,, 2012, Sariali etal., 2012), also in patients
with osteoporosis (Rhyu et al, 2012) and altered
proximal femur morphology (Dalury et al.,, 2012, Kim
etal, 2013).

Age per se should not be considered a
contraindication for cementless THA, since beneficial
effects are similar or even better in the age
population. However, comorbidities are associated
with higher revision incidence (Dorr et al., 1990, Ong
et al, 2010). With the extended age indication,
candidates for cementless THA include patient
groups with potentially higher prevalence of low
bone quality, bone disorders and comorbidities
affecting bone formation and implant fixation. Long-
term studies of cementless stems in over 80 year old
patients are still limited in number and the effect of
low bone quality and compromised bone forming
capacity on osseointegration has not been
systematically evaluated.

FAILURE AND REVISION

Despite high survival rates of both cemented and
cementless THAs today, revision surgeries represents
11-18% of all THAs (Kurtz et al,, 2007, Pivec et al,,
2012). The overall 10 year revision risk (cemented
and cementless together) based on different national
registers is estimated to 5-20% (Corbett et al., 2010).
With cementless THAs of modern designs failure rate
has decreased significantly but revisions of failing
implants are still a major concern. Revisions are
surgically demanding and for the individual patient,
every revision procedure is a major incident
contributing to reduced health state (Bozic et al,
2011).

| TABLE 2.1 Cementless THA in aged patients

Authors Year  stem design (/) (ange)  Dorcmsucation _ lramge)_ sural
T R o R - v S R
Reitman et al., 2003 Tapered porous (3;5/227) (Ze_?s) DSL::\&Bn:ég 13'&;’;;"5 98.4%
Pieringer et al., 2003 Alloclassic SL 43 (8(;;-392) >80 years of age (3?8\/5::'5) 100%
Sporer et al., 2004 Modul:;:treo‘;(imally (7}558) (7;;0) >70 years of age !’(azga;)s 100%
Berend et al., 2004 P?:x‘::;ss::: 4 ( 3:/713) (:795) 32: : :33 5 years 98%
Dorr Cn=10
Kelly et al., 2007 meci::t!‘é HA- (71/2) 54 Dorr Type C 11(';’_‘1’2? s 100%
. Dorr A n=96
Sanz-Reig et al., 2011 P’°X'2:!‘r’:;ated (7233) ( 657_ ;3) ?)OJ:TBC nn=:67 1&3’ i‘;s 99%
Stroh et al., 2011 Proxig;!\r/:;ated (173/318) (8(?—590) >80 years of age 4(12\[;3;)5 97%
Rhyu etal., 2012 Diverse (274/013) (75_995) (Tzs;otrc:ejsz) 1year 100%
Dalury et al., 2012 Proxig;!\r/:;ated (185/?;5) (3:—788) Dorr Type C 6(1’5;)"5 100%
= 9
metal, o Stormespvesl 20 e ool seyes o
Dorr C n=85 98%
Yuasa etal., 2016 Diverse (AF;IOF) (8(?—389) >80 years of age 5.(61}/leg)rs 100%
n; ber of pati F fe le; M male
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2.2 BONE BIOLOGY

Understanding bone and its regulators at the tissue, material and cellular levels is crucial for better understanding
the process of cementless hip implant fixation and factor affecting osseointegration.

2.2.1 Bone tissue and composition

The bony environment is a biologically active system
of cellular functions and molecular regulators
contributing to the continuous process of bone
turnover. In addition to pivotal mechanical
(protection, stabilization and locomotion), biological
(site for hematopoiesis) and physiological (calcium
and phosphorous homeostasis) functions, bone is a
far-reaching metabolic endocrine organ (Chapurlat
and Confavreux, 2016). Bone has an impressive
ability to repair and it is therefore not surprising that
bone tissue contain bone-regenerative stem cells.

Two types of bone tissue are defined based on
histological porosity and microstructure. Cortical
(compact) bone with a well-organized structure and
high density constitutes approximately 80% of the
total bone mass, while trabecular (cancellous or
spongy) bone with an irregular structure, lighter
weight, and high porosity constitute 20% (Figure
2.2). Microscopically cortical and trabecular bone can
be woven (immature) or lamellar (mature) based on
the arrangement of the collagen network.
Macroscopically the basic structure of any bone
segment comprise an outer layer of compact bone
(cortex), overlaying trabecular bone, and an inner
medullary cavity (Figure 2.2). The proportion
between cortex and medulla varies with skeletal site
and segment, and with gender and age (Buckwalter et
al, 1996). The outer surface of the cortex is covered
by the periosteum, a two layer membrane. The outer
layer is fibrous, populated by undifferentiated MSCs
and fibroblast-like cells and is connected to the
surrounding soft tissues. The inner layer (cambium
layer) is populated by committed progenitors, has
osteogenic potential and produce new bone through
periosteal apposition.

Bone extracellular matrix consists to 60-70% of
an inorganic mineral phase mainly (95%) composed
of a calcium phosphate mineral analogous to
crystalline hydroxyapatite (HA), and an organic phase
composed of collagen (18-25%), water (5-10%) and
non-collagenous proteins (NCPs) and proteoglycans
(2%) (Robey and Boskey, 2008). Cells constitute only
2-5% of the total bone tissue. The mineral phase
harbors up to 99% of body calcium, 85% of
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phosphorus and 40-60% of sodium and magnesium
(Glimcher, 1987).

Collagen type I (COL1) accounts for about 90%
of the organic matrix, providing the framework of
bone matrix essential for maintaining the structure of
bone tissue and is required for proper mineralization.
NCPs constitute 10% of the organic bone matrix. Most
NCPs have multiple functions in organization of the
extracellular matrix, mediating cell-matrix and
matrix-mineral  interactions, and regulating
mineralization. NPCs regulate bone cells by binding
growth factors to the local environment (Robey and
Boskey, 2008, Allori et al.,, 2008b).

Alkaline phosphatase (ALP) is a glycoprotein
enzyme highly abundant in bone and one of the
molecular hallmarks of bone formation. This bone
isoform of tissue-nonspecific ALP is a membrane-
bound enzyme but can be secreted in membrane
vesicles during mineralization. ALP promotes
mineralization by hydrolyzing the inhibitor
pyrophosphate (PPi) into inorganic phosphate (Pi)
required for mineralization (Golub, 2011). Its
enzymatic activity requires Znz+* and Mg?2+ as catalysts
and high pH (8-10) (Harris, 1990). ALP is mostly
expressed by osteoblasts, but also by young
osteocytes, progenitors and chondrocytes (Martin et
al, 2013). ALP expression is enhanced by 1,25-
dihydroxyvitamin D3 and  decreased by
supraphysiological levels of glucocorticoids and
parathyroid hormone (PTH) (Majeska and Rodan,
1982).

Osteocalcin (OCN) is one of the more abundant
NCPs in bone. It is a small protein (5 kDa) produced
mainly by mature osteoblasts in the late stage of bone
remodeling. OCN binds to HA with high affinity in a
vitamin K-dependent manner (Robey and Boskey,
2008). The biological functions of OCN are still
unclear, with several regulatory functions suggested.
In bone, OCN regulate both mineralization (Desbois
and Karsenty, 1995) and osteoblast and osteoclast
activity (Glowacki et al, 1991, Neve et al, 2013).
Expression of OCN is upregulated by vitamin D and
repressed by high levels of glucocorticoids (Beresford
et al, 1984). Other NCPs include osteonectin,
osteopontin, and bone sialoprotein.
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the most abundant and long lived bone cell,
representing over 90% of bone cells with a life span
up to 25 years (Atkins and Findlay, 2012). Embedded
throughout bone, osteocytes lie within lacunae
separated from each other, with long cellular
processes extending through the bone matrix forming
an extensive network for communication with each
other and with bone lining cells and OBs at the bone
surface (Dudley and Spiro, 1961, Bonewald, 2011).
Through this network osteocytes act as mechano-
sensors responding to  mechanical stress,
microdamage, injury, disuse and unload, estrogen
deficiency and therapeutic agents (e.g.
glucocorticoids and chemotherapy) by transducing
signals to bone cells at the surface. Osteocyte-
produced FGF-23 acts on kidneys to regulate
phosphate and calcium homeostasis (Bergwitz and
Juppner, 2010), and can initiate targeted remodeling
(Heino et al., 2009).

Osteoclasts (OCs) are the only cell type responsible
for bone resorption. They are multinucleated giant
cells derived from hematopoietic stem cells of the
monocyte/macrophage lineage through a multistep
process (osteoclastogenesis)(Boyle et al, 2003,

Védananen and Laitala-Leinonen, 2008)(Figure 2.3).
Osteoclastogenesis involves many cytokines and
hormones but is mainly dependent on OB-produced
osteocyte

M-CSF and RANKL, and produced

Osteoclast
precursors /

oP J OC precursor

Osteoclasls ﬁ)sleoblasls

\ Osteoblast
precursors

sclerostin. RANKL is the key regulator, important also
for mature OC activation. Activation of RANK is
inhibited by OPG, also produced by OBs. The
RANKL/OPG ratio regulates RANK activation.
Osteotrophic factors including PTH, vitamin D,
interleukin (IL) 11 and PEG: stimulate OB production
of RANKL and inhibit OPG production. Increased bone
resorption in postmenopausal osteoporosis and other
skeletal disorders is associated with increased
production of RANKL in proportion to OPG
(Manolagas, 2000). The lifespan of OCs is 2 weeks
(Boyle et al,, 2003, Vaiananen and Laitala-Leinonen,
2008).

Osteal macrophages (osteomacs) is a new class of
bone cells identified in the bone remodeling
compartment, functioning as regulators of bone
formation (Chang et al, 2008, Pettit et al, 2008).
Resident tissue macrophages are part of immune
responses and central for tissue homeostasis.
Osteomacs represent a distinct bone population of
resident tissue macrophages (Chang et al, 2008,
Alexander et al, 2011). They are identified by
expression of surface marker F4/80 and location on
or near to periosteal and endosteal bone surfaces.
Osteomacs participate in bone modeling by forming a
canopy over bone forming OBs (Chang et al,, 2008,
Pettit etal., 2008), suggesting a role as coupling-factor
(Figure 2.3).

FIGURE 2.3 Bone cells, their recruitment and
actions during the four phases of bone
r deling by the multicellular unit (BMU) in
the bone remodeling compartment (BMU). In
the activation phase, a quiescent bone surface
is transformed into a remodeling surface (left
part). Osteoclast (OC) precursors are recruited,
differentiated and activated. Bone lining cells
and osteomacs create a closed bone
remodeling compartment (BRC) where the
required biochemical ~microenvironment s
created. The BRC is in close proximity to the
vasculature providing cells through capillaries
penetrating the canopy. During the resorption
phase, bone matrix is removed by osteoclasts In
the reversal phase coupling mechanisms are
responsible for the switch between resorption
and formation. Resorption pits are populated
by monocytes, MSCs and preosteoblasts. The
resorbed bone surface is prepared for
formation, most likely by MSCs and/or bone
lining cells, producing a thin layer of collagen
for osteoblast attachment. Thereafter follows
bone formation with subsequent
mineralization. Figure modified from Sims and
Walsh 2012, Khosla et al., 2010, Baron and
Kneissel 2013, Martin et al., 2013. Illustration

AlteMocds 2013

Reversal Formation

Resorption

by Niko Moritz.
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2.2.4 Osteogenic differentiation and bone matrix formation

Osteoblasts are primarily derived from MSCs that are thought to migrate from the bone marrow and undergo
stepwise differentiation. Osteoblast lineage development includes transition stages from MSC to osteoprogenitor,
preosteoblast, and mature osteoblast. The complex differentiation process is characterized by timely expression of
transcription factors and osteoblastic genes followed by extracellular matrix synthesis and subsequent mineralization.

Most of what is known about osteoblast lineage cells
and the regulation of their differentiation, survival
and function derives from studies on cultured cells.
Compared to early studies on rodent OBs,
osteosarcoma or OB cell lines, the discovery of MSCs
has revolutionized in vitro studies on differentiation.
Osteogenic differentiation of MSCs can be divided into
three stages; 1) proliferation, 2) differentiation,
extracellular matrix (osteoid) development and
maturation, and 3) mineralization (Aubin, 2008).
Each step is associated with characteristic changes in
gene and protein expression (Figures 2.4).

TRANSCRIPTION FACTORS

Transition from MSC to mature osteoblast requires
activity of specific transcription factors (TFs) at
distinct time points defining various stages of
differentiation (Aubin, 2008). Three major TFs
determine development from MSCs to preOBs and
further to mature osteoid producing osteoblasts:
S0X9, RUNX2 and osterix.

SOX9 defines the transition from MSC into a
common chondro-osteogenic lineage and is crucial
for chondrogenesis (Akiyama et al., 2005), but its role
in osteogenesis is less understood. SOX9 is not
expressed by mature osteoblasts (Long, 2012).

Adipocyte
- @

W

Chondrocyte
SOx9
SOXS
SOX8

I~

RUNX2 (runt family transcription factor 2,
formerly Cbfal) is the main regulator of osteoblast-
lineage cells. It is indispensable for osteogenic
differentiation, as demonstrated by lack of OBs and
bone tissue in RUNX2 knockout mice (Otto et al,
1997). RUNX2 is the earliest marker of osteogenic
differentiation, but is also required in mature OBs for
proper function and matrix synthesis. Various
nuclear factors are known to interact with RUNX2 to
promote differentiation by stimulating its expression,
enhancing its activity, or acting as coactivators.
Additional factors suppress RUNX2 (Long, 2012).

Osterix (0SX) is a bone morphogenetic protein
(BMP)-induced TF, functioning downstream of
RUNX2. Deletion of the OSX gene leads to lack of OBs
and ectopic cartilage formation (Nakashima et al,
2002). 0SX is crucial for osteogenic and chondrogenic
differentiation both during development and in
postnatal bone remodeling (Zhou et al., 2010b). Many
other TFs regulate osteogenesis by regulating OSX,
including tumor suppressor p53 and the Ca-sensitive
transcription factor NFATC1 (nuclear factor of
activated T cells, cytoplasmic 1) that suppresses and
stimulates OSX activity, respectively (Long, 2012).

The activating transcription factor 4 (ATF4)
is a regulator of mature OBs, affecting the expression
of OCN and RANKL.
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FIGURE 2.4 Overview of osteoblast lineage differentiation of MSCs with the stage-characteristic changes in proliferative activity
and osteogenic gene expression indicated. OSX, osterix; ALP, alkaline phosphatase; Col, collagen; OPN, osteopontin; BSP, bone
sialo protein; OCN, osteocalcin. (Modified and adopted from Aubin, 2008 and Long, 2012).
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2.3 MESENCHYMAL STROMAL/STEM CELLS (MSCs)

Mesenchymal stromal/stem cells constitute a heterogeneous subset of stromal precursor cells present at low
frequency in mammalian connective tissue compartments. MSCs have been extensively studied for their multiple
differentiation and repair capacities, and their imnmunomodulatory properties. The common MSC concept today is a
multipotent cell easy to expand in culture, with regenerative, stromal supportive and immunoregulatory capacities.
Still, the true in vivo location and nature of MSCs remains unknown. Bone marrow MSCs is the major source of bone
forming cells during normal turnover and in repair and osseointegration of hip implants.

2.3.1 Past and current concepts of MSCs

Mesenchymal stem cells were discovered in the
1970s by Friedenstein and colleagues, as fibroblast
colony forming cells (FCFC), found in monolayer
cultures explanted from guinea-pig bone marrow and
spleen. Cells were isolated by plating whole bone
marrow on culture plates and washing away non-
adherent cells after a few hours. After 4-5 days,
adherent cells started to proliferate and form colonies
(Friedenstein et al, 1970). Based on early animal
studies on freshly isolated bone marrow cells
(Friedenstein et al.,, 1966, Friedenstein et al.,, 1968),
and in vitro cultured FCFCs (Friedenstein et al,, 1974),
a population of colony-forming unit-fibroblast (CFU-
F) was detected, capable of forming bone tissue when
transplanted in vivo by injection under the renal
capsule or in diffusion chambers. These cells were
further investigated (Friedenstein etal.,, 1976, Castro-
Malaspina et al., 1980, Mets and Verdonk, 1981, Owen
et al,, 1987, Caplan, 1991, Haynesworth et al,, 1992,
Prockop, 1997, Kuznetsov et al, 1997, Bianco et al,,
1999, Pittenger et al., 1999, Muraglia et al., 2000) and
it was established that plastic adherent, clonal cells
from bone marrow were multipotent and could
differentiate into OBs, adipocytes and chondrocytes,
as well as additional cells of the mesenchymal lineage.

Parallel observations revealed that stromal cells in
the bone marrow are required for haematopoiesis
(Dexter etal.,, 1977), and constitute key players in the
haematopoietic stem cell (HSC) niche (Schofield,
1978, Friedenstein et al,, 1968, Friedenstein et al,,
1982). The osteogenic properties of bone marrow
stromal cells defined them as mesenchymal cells,
without defining a stem cell origin.

The bone marrow harbors two overlapping
niches for haematopoiesis; the endosteal and the
(peri)vascular niche (Adams and Scadden, 2006). In
the endosteal niche, the stromal compartment
constitute MSCs differentiated to osteoblasts (Long et
al, 1990, Adams and Scadden, 2006), whereas the
(peri)vascular niche constitute MSCs differentiated
into vascular smooth muscle cells (Galmiche et al.,
1993, Charbord, 2010). In addition to the supportive
role of MSCs in the HSC niche, direct regulatory roles
have also been demonstrated (Mendez-Ferrer et al.,
2010, Omatsu et al, 2010). MSCs release trophic
factors in response to injury. In addition to their
regenerative and stromal supportive properties,
MSCs also have well documented immunoregulatory
properties (Le Blanc et al., 2004, Horwitz et al,, 1999,
Uccelli et al, 2008, English, 2013, Le Blanc and
Mougiakakos, 2012).

FIGURE 2.5 Bone marrow MSCs. (A) Adherent cells visible 2 days after seeding bone marrow MNCs, with a few cells of MSC morphology. (B)
After additional days in primary culture increasing numbers of MSCs are visible in emerging colonies referred to as colony forming units (CFUs).
(C) After 10-15 days in primary culture larger colonies of cells with typical MSC morphology can be detected. (D) Passaged cells reach confluence
within 7-21 days (depending on the proliferative capacity of individual cells and culture conditions). (E-F) With increased passaging and
expansion MSCs lose their spindle-shaped morphology and gradually become wider and flattened as they approach senescence. Scale bar=100
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certain threshold of approximately 5,000 to 7,500
cells/cm2. Higher densities are associated with cell
detachment and increased adipogenesis (Jaiswal et
al, 1997, Aubin, 2008). Confluence of 60-70% is
known to generate more consistent results. Seeding
densities ranging between 1,000 and 10,000
cells/cm? are generally used (Krause et al, 2011,
Gupta et al,, 2011). Accumulation of soluble factors
produced by MSCs during osteogenic induction
promote differentiation and mineralization (Jaiswal
etal,, 1997), therefore changing of only half the media
volume can further promote bone formation in vitro.

The in vitro differentiation process

In vitro differentiation and bone formation follows
the events outlined above. The proliferative stage last
for approximately 10 days, producing the required
numbers of cells, followed by increasing expression of
ALP, production of a collagen matrix, and subsequent
expression of OCN and osteopontin, followed by
calcium and phosphate deposition (Aubin, 2008). The
fully differentiated osteoid producing OB is
characterized by a cuboidal morphology and a strong
ALP expression (Figure 2.6). As the differentiation
process proceeds, three dimensional structures
(nodules or strings) start to form which are
mineralized. Depending on the experimental settings
and donor characteristics, the differentiation stage
startatday 7 to 10 and can last between 10 to 21 days,
while mineralization is detected after 3 to 5 weeks.

In vitro OB differentiation of MSCs is associated
with large variations reflecting differences in starting
material (tissue source, phenotype, subpopulation
selection), culture conditions (plating density,
supplements), donor related factors, and sensitivity
of read-out methods (Jaiswal et al, 1997, Aubin,
2008). A main cause of varying results is the
heterogeneity =~ within any MSC population,
independent of tissue source and donor profile (De
Bari et al, 2010). Some subpopulations undergo
spontaneous differentiation while other require
stimuli, and heterogeneity in gene expression and
functional outcome can reflect different osteogenic
stages (Aubin, 2008, Rothenberg et al., 2011).

Detection methods

Osteogenic differentiation is generally detected by
measurement of ALP activity and visualized by ALP
staining. Mineralization is detected by staining for
phosphate (von Kossa staining) (Figure 2.6) and
calcium (Alizarin Red) deposition. Osteogenic
commitment can be evaluated by analyzing
expression of early (RUNX2, 0SX), intermediate (ALP,
COL1, osteopontin) and late-stage (osteonectin)
osteogenic genes. While ALP is a measure of early OB
differentiation, mineralization is a late marker of
complete differentiation into mature, functional,
matrix producing OBs (Krause et al,, 2011, Gupta et
al, 2011). Mineralization is more difficult to achieve
in vitro, and results are more unreliable due to assay
related limitations affecting the
outcome. This is probably the
reason why mineralization is
not always reported when
osteogenic capacity of human
MSCs is investigated.
Quantification of bone
formation markers at the
protein level could provide
useful functional information,
but assays are expensive and
not always optimal for cell
culture applications and are
therefore of limited use.

FIGURE 2.6 In vitro osteogenic
differentiation of human MSCs. As the
MSCs differentiate into osteoblasts they
attain a cuboidal morphology (A) and
start to form three dimensional
structures (B-D). Differentiation can be
detected by ALP staining (E-F) starting
from day 7-14 (depending on individual
variations). After 3-5 weeks bone matrix
mineralization can be detected by von
Kossa staining (G-I) as immature
brownish osteoid or darker brown
mature bone matrix. Scale bars=100 um.
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At the macroarchitectural level, size and shape
are critical determinants, and especially the external
diameters and cortical thickness affect whole bone
quality. Increased external diameter increase the
resistance to bending and torsional loads, while
resistance to tensile and compressive loads is
proportional to the cortical thickness. To resist the
biomechanical requirements, the appendicular
skeleton adapt by increasing the external diameter
and decreasing the cortical thickness through
periosteal apposition and endosteal resorption,
respectively (Morgan and Bouxsein, 2008). At the
microarchitectural level, structural patterns of
trabecular and cortical bone determine the quality.
Mechanical properties of trabecular bone depend on

volume fraction and extent of anisotropy (Morgan
and Bouxsein, 2008). Changes in microarchitectural
structures deteriorate the mechanical quality of bone.
The significant impact of microarchitectural
properties is demonstrated by the disproportion in
age-related reduction of bone mass in relation to
skeletal weakening (Gabet et Bab 2011).

At the bone material level, quality is determined
by matrix composition, mineralization and rate of
turnover. Impaired enzymatic cross-linking and
increased non-enzymatic crosslinking of collagen
have adverse effects on mineralization and promote
microdamage formation, deteriorating the biological
and mechanical quality (Saito and Marumo, 2010).
Degree of mineralization determine bone stability.
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FIGURE 2.8 Flow diagram showing factors constituting and contributing to bone quality. Adapted and modified from Jepsen KJ 2011 and

Hernandez et Keaveny 2006.
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2.4.2 Bone loss

In women, two types of bone loss contribute to deterioration of bone quality with aging. A slow and continuous
process of age-related bone loss is seen in both men and women starting when full skeletal maturation is reached
(between 18 and 30 years of age), leading to an annual bone loss of approximately 1%. At menopause, estrogen
deficiency triggers the more rapid postmenopausal bone loss, causing a 5-10% annual loss in bone mass (Figure 2.9)
(Riggs and Melton, 1986, Marie and Kassem, 2011). During a lifetime, women loose approximately 50% of their bone

mass.
Young
m“;q
Aging
S
Py PN

Resorption

Bone-remodelling (Time)

Age-related bone loss

The slow phase of age-related bone starts through
transition from tightly coupled and well balanced
phase to a slower and negatively balanced one after
peak bone mass and size is reached. The basic concept
is decreased resorption volumes by OCs in each BMU,
and slower birth rate of new BMUs, leading to
decreased bone renewal and accumulation of
microdamage (Lips et al,, 1978, Seeman, 2008). In
addition, reduced formation by OBs in each BMU
accelerates the negative balance, resulting in net bone
loss (Figure 2.10)(Marie and Kassem, 2011).

Postmenopausal bone loss
Upon menopause, estrogen
deficiency cause additional
bone loss through multiple

mechanisms. Remodeling
rate is increased through Available
increased birth rate of new MSC/precursor pool

BMUs. Resorption volume
increases and formation
volume decreases as loss of
estrogen prolongs the life
span of OCs while reducing
the life span of OBs (Eriksen
etal, 1990, Manolagas, 2000)
(Figures 2.9 and 2.11). The

Young adult female

O

BMU activation

FIGURE 2.10 /llustration
of bone remodeling and
its net effects in young
and aging bone. Modlified
from Marie et Kassem
2011, Baron et Kneissel
2013. Illustration by Niko
Moritz.

Ostecblasts

rate impairs the biological and mechanical properties.
Interstitial bone too deep for remodeling become
more densely mineralized and highly cross-linked
with advanced glycation products.

Cortical and trabecular bone loss with aging

At the tissue level bone loss is seen as cortical
thinning and increased cortical porosity, and as
trabecular thinning, trabecular perforation and loss
of  trabecular  connectivity  (Figure 2.9).
Consequences are unstructured and mechanically
weaker bone (Zebaze et al., 2010). Dysregulation of
remodeling does not occur with equal strength in all
bone regions (Seeman, 2008).

negative balance is further
enhanced as bone is
remodeled at all three
endosteal envelops
(endocortical, intracortical
and trabecular)(Seeman,
2008). The high remodeling
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FIGURE 2.11 /llustration of different effects of aging and menopause on bone turnover. Adapted
and modified from Riggs and Parfitt 2005 and Sibai et al 2011.
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Due to the surface nature of remodeling,
changes in bone mass occur earlier and to a greater
extent in trabecular bone. Trabecular bone loss starts
during the third decade, while the major loss of
cortical bone takes place after the age of 50 and at
higher rate in women (Ahlborg et al,, 2003, Zebaze et
al, 2010). In women, trabecular bone loss mainly
takes place through trabecular perforation and
eventually complete loss of trabeculae, leading to
reduced trabecular number and loss of connectivity
(Figure 2.12). In men, trabecular thinning
predominates, maintaining the connectivity and
number. Trabecular perforation and loss of
connectivity reduce bone strength exponentially

compared to equal volume lost through trabecular
thinning (Aaron et al,, 1987, Seeman, 2008).

Since only 20% of bone tissue is trabecular,
most age-related bone loss is cortical. Remodeling at
the endocortical and intracortical surfaces lead to
increased porosity and trabecularization of the cortex
(Zebaze et al, 2010) (Figure 2.12), significantly
reducing the bone strength. The magnitude of age-
related increase in cortical porosity has previous
been underestimated, and is on possible factor
affecting osseointegration of cementless THAs.
Targeting cortical bone provide new approaches for
preventing decrease in bone quality.

2.4.3 Age-related changes of proximal femur geometry

Changes in material properties leading to redistribution of cortical and trabecular bone contribute to the alteration
of long bone geometry. In the proximal femur, age-related alterations in the three dimensional geometry is more
drastic in females (Noble et al., 1995, Husmann et al., 1997, Casper et al., 2012). These changes are challenges when
designing and choosing cementless femoral stems and may affect the outcome of the THA (Noble et al., 1988, Ahlborg

et al., 2004).

Starting from the fourth decade, periosteal apposition
slows down whereas endosteal resorption increases,
resulting in increase of the outer diameter of long-
bones and reduction of the cortical thickness (Heaney
et al, 1997). During aging, this adaptive response
compensates for bone loss in order to maintain
whole-bone strength. The compensatory mechanism
is stronger in men, making male long bone stronger
compared to female. These gender differences with

Cortical bone: Endosteal
trabecularization and
increased cortical porosity

aging are mainly due to differences in bone size
(Seeman, 2008, Jepsen et al, 2015). The increased
remodeling rate in women at menopause causes
further decline in cortical thickness, significantly
affecting the mechanical properties of the entire
femur (Zebaze et al, 2010, Ito et al, 2011). Whole
bone strength can be therapeutically improved by
increasing the external diameter through bone
anabolic drugs which stimulates periosteal

Cancellous bone: Trabecular thinning
and decreased density

\ Geometric changes of the

proximal femur (Dorr classification)

FIGURE 2.12 Age-related changes in the proximal femur of female patients undergoing THA for hip OA. Several changes take
place in the proximal femur potentially affecting the outcome of THA. Hip OA affect all tissue types of the joint driven by
local inflammation. The quality of intertrochanteric cancellous bone and cortical bone in the femoral shaft decreases.
Changes in turnover and material properties lead to alterations of femur geometry. Illustration by Niko Moritz.
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2.4.4 Osteoporosis (OP)

Osteoporosis is the most common bone disease in humans, traditionally defined as low bone density and
microarchitectural deterioration of bone tissue making bones fragile and susceptible to fractures. Today OP is
recognized as a far more complex disease, involving multiple mechanisms and pathways. Fractures are the major

consequence of OP.

The current gold standard for diagnosing OP is based
on the 1994 consensus statement from a WHO
initiated expert panel. The classification is based
mainly on DXA derived T-scores (Box 6), but also
consider previous fracture incidence. Primary OP is
loss of bone as part of aging, and is further classified
based on wunderlying mechanisms. Type I
postmenopausal OP is accelerated bone loss due to
decreasing estrogen levels in women after
menopause. Type II: senile OP is referred to
osteoporosis diagnosed in aged patients. Secondary
OP is loss of bone caused by underlying conditions,
diseases or medication, and idiopathic OP is defined
in younger men and premenopausal women with
osteoporotic  fragility fractures without any
secondary cause of OP (Armas and Recker, 2012).

PREVALENCE OF OP AND OSTEOPOROTIC FRACTURES
The prevalence of OP is continuously increasing due
to the growing elderly population and modern life
style. In 2010, patients with newly diagnosed OP in
Europe was estimated to 22 million women and 5.5
million men, with a prospect of 135% increase by
2050. In Finland the number of osteoporotic patients
in 2010 was estimated at 300 000 (~7%), of which
women over 50 years of age are in majority.
Worldwide, osteoporotic fractures was estimated to 9
million in the year of 2000, with the highest frequency
in Europe (35%). The future estimates are
contraindicative, but a stabilization rather than
increase in fracture epidemic is expected (Svedbom et
al, 2013).

PATHOPHYSIOLOGY AND RISK FACTORS

Osteoporosis is a heterogeneous disease with
multiple pathogenic mechanisms. Irrespective of
underlying mechanisms, four major processes
contributing to decreased bone mass and increased
fracture risk: 1) failure to achieve optimal peak bone
mass and strength, 2) accelerated bone loss due to

2.4.5 Hip osteoarthritis (OA)

BOX 6. Classification for diagnosing osteoporosis based

on DXA measured T-scores according to current WHO
criteria (1994)

Normal T-score >-1.0

Osteopenia T-score between -1.0 and -2.5

Osteoporosis T-score between <-2.5

T-score<-3.5

Severe osteoporosis . .
P or T-score < -2.5 with fragility fracture

The T-scores used as cut-off for identifying OP are derived from BMD
and BMC measurements of 35-year old healthy population
standards of respective gender as reference.

BMD of age-matched control populations have been used to
calculate age-adjusted reference values (Z-scores).

increased resorption, 3) decreased bone formation,
and 4) increased fall incidence. All factors
contributing to increased fracture risk are part of the
pathogenic mechanisms. Usually a range of stronger
and weaker factors contribute to development of OP.
These include genetic predisposition, alterations in
local and systemic hormones, life style and nutrition
factors, and environmental factors (Raisz, 2005,
Armas and Recker, 2012). Despite gender related
differences in prevalence, bone loss and OP
eventually affects all as part of the aging process.

MANAGEMENT OF OP

The outermost goal of OP treatment is preventing of
fractures. Biologically, the aim is to increase the
density and quality of bone, or at least to decrease or
stop the bone loss. During the last ten years the
treatment options for OP have increased, with several
new medications of varying biological functions,
targeting different parts of the bone remodeling
complex. The main categories of pharmacological
agents are antiresorptive aimed at inhibiting bone
resorption, and anabolic aimed at stimulating bone
formation (Rachner etal,, 2011).

OA is the predominant chronic joint disease in older adults, recognized as a slow progressive destruction of articular
cartilage and subchondral bone accompanied by low-grade inflammation (Bijlsma et al., 2011, Loeser et al., 2012).
The net effect is pain and deformity leading to joint failure. OA can affect any joint but is most common in knees, hips
and hands. In the general population, hip OA is the most common cause of unbearable pain, decreased mobility and
quality of life. Primary hip OA is the most common reason for THA in Western countries (Dagenais et al., 2009).

Osteoarthritis is recognized as a complex disease
affecting all tissue types of the joint, including
cartilage, bone, synovium, muscles and ligaments.
Abnormal remodeling of joint tissues is driven by

local inflammation as part of an active injury
response rather than just a degenerative process
(Loeser et al,, 2012). OA is a multifactorial disease
involving systemic patient-related factors (age,

37















Review of the Literature

2.5 ASSESSMENT OF BONE QUALITY

There is no single method for complete characterization of bone quality. Measurement of BMD is useful in diagnosing
OP and patients with decreasing bone density, but provides no information regarding material composition, structural
features or bone turnover. A combination of methods is required to obtain information on mechanical,
microarchitectural and metabolic properties of bone. There are several effective and sensitive methods available for
quantitative assessment of macro- and microstructure of bone, allowing evaluation of local and systemic skeletal
health. Laboratory tests have been developed in order to provide additional and non-invasive assessment of skeletal
pathology, especially in OP diagnostics and management. These methods are also useful for screening of

postmenopausal patients scheduled for cementless THA.

2.5.1 Bone densitometry with dual-energy x-ray absorptiometry (DXA)

Bone loss and changes in BMD are not visible on plain
radiographs. Dual-energy x-ray absorptiometry
(DXA) is the established standard technique and the
most widely used for measuring bone density.
Additional techniques for bone density scanning
include peripheral x-ray or ultrasound devices and
quantitative computed tomography (QCT). The DXA
technique, introduced in late 1980s, is the gold
standard for diagnosing OP and estimating fracture
risks in adults (Blake and Fogelman, 2010). The
technique allows for measurement of bone density in
the central and peripheral skeleton with good
precision. Radiation dose is low (corresponding to
natural background radiation), scanning is fast and
the patient set up is easy. However, DXA also has
essential limitations (Bolotin, 2007).

TECHNICAL PRINCIPLES

The DXA method measures the transmission of x-ray
beams through the body. Attenuation of x-ray beams
as they pass through a material is dependent on the
initial photon energy of the beam, the mass
attenuation coefficient (um) of the material and the
mass per unit area of the material. In DXA, the use of
two x-ray beams of different photon energies
generates a dual energy. The difference in photon
attenuation between the two energies at a given area
is utilized to separate mineralized bone tissue from
overlaying soft tissue (Pietrobelli et al.,, 1996, Blake
and Fogelman, 2010). Energies are selected to
optimize the separation. X-ray attenuation values are
converted to bone mineral content (BMC, g) and bone
area (cm) is calculated from the number of pixels
within the region of interest. DXA reported BMD
(g/cm?) represents the areal BMD (BMDa) and not the
true volumetric bone density (g/cm3). T-scores are
used as cut-off for identifying OP (Box 6.)

PRECISION, ACCURACY AND LIMITATIONS

Precision of DXA measurements are usually
expressed as coefficient of variations (CV) based on
repeated measurements. For total hip and lumbar
spine precision lies within 1-2 CV%, while CV for
femoral neck, trochanter and ultra-distal forearm are
around 2.5%. The accuracy of DXA, i.e. how close the
measured BMD is to the ash weight of the actual
calcium content, varies between 10-15%. Compared
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to biomechanically measured bone strength the two-
dimensional areal BMD obtained with DXA
corresponds to approximately 80% of bone strength
(Blake and Fogelman, 2010).

DXA have certain limitations. Since DXA
generates a 2D image of a 3D object the depth of
bones is not accounted for. Therefore the technique is
insensitive to size differences between subjects,
causing variations with gender, ethnicity, size and
weight. Sources of accuracy errors and artifacts are
soft tissue, degenerative disease (especially in the
spine) and marrow fat (Bolotin, 2007, Blake and
Fogelman, 2010). Therefore, scan images need to be
examined before interpreting the numerical results.

Another problem is discrepancies between
instruments from different manufacturers (Carey et
al, 2007).

Decreased BMD with aging and disease is well
correlated with increased fracture risk, but BMD
alone is insufficient to predict fracture. BMD
measurements detect impairment in bone
mineralization but nothing regarding two of the most
significant determinants of bone quality: material
composition and structural design (Seeman, 2008). In
terms of bone quality estimates, the two major
limitations with DXA measured areal BMD are
inabilities to 1) discriminate between cortical and
trabecular bone, and 2) assess microstructure of
bone. This is an issue since the rate of changes in
response to aging, disease or medication is different
in cortical and trabecular bone. Therefore
measurement of one skeletal site cannot predict BMD
at another site. DXA screening for OP might be
unreliable in presence of hip OA causing high BMD
values hence overestimating the bone density
(Sandini et al, 2005, Glowacki et al, 2010). For
identifying younger individuals at risk of sustaining
fractures, DXA have lower value since similar BMD in
young and old does not carry the same fracture risk
(Licata, 2013). In a study on Swedish postmenopausal
women, Ribom and co-workers (2008) found a two-
fold increase in the number of patients diagnosed
with OP when using a national T-score reference
population.
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CLINICAL ROLE

DXA measurements of BMD have three important
clinical roles; OP diagnostics, evaluation of patients at
risk of developing OP, and in monitoring the effect of
anti-fracture treatment. Measurement of BMD at
lumbar spine and hip are preferred, since BMD of the
hip is the most reliable in predicting hip fractures,
while spine BMD reflects response to antiresorptive
treatment. For diagnosing OP in postmenopausal
women and older men, combined hip and spine T-
scores should be used according to IOF (Kanis and
Gluer, 2000) and the International Society for Clinical
Densitometry (ISCD). The ISCD recommends using

the lowest T-score obtained from femoral neck, total
hip and lumbar spine (www.iscd.org).

Since BMD alone is insufficient for proper
fracture risk assessment, the WHO scientific group
developed the Fracture Risk Assessment Tool (FRAX)
(www.shef.ac.uk/FRAX) as an alternative and more
accurate way for assessing the fracture risk. The FRAX
tool combines clinical risk factors either alone or in
combination with BMD, in order to prevent fractures
and identify potential OP patients. The choice of BMD
input to the FRAX model is one of the limitations
(Licata, 2013, Setty etal., 2011).

2.5.2 Bone microarchitecture and mechanical properties
Measurements of bone structural characteristics is clinically difficult and knowledge on age-related changes in
qualitative properties is largely based on autopsy retrievals or bone biopsies of limited size.

MICRO-CT ASSESSMENT OF BONE
MICROARCHITECTURE

Traditionally, microstructural analyses are based on
invasive bone biopsy techniques followed by
histomorphometry ex vivo. Tedious
histomorphometric methods of limited sample size
are now often replaced by micro-computed
tomography (micro-CT) analyses or corresponding
high resolution computed techniques for
nondestructive and rapid analyses of bulk tissue
samples. Micro-CT has become the standard tool to
quantify  cancellous bone morphology and
microstructure (Feldkamp et al.,, 1989, Burghardt et
al, 2011, Boerckel et al, 2014), providing 3D
measurements with realistic images of the
microarchitecture and is nondestructive for the
sample.

Analyses are performed in three critical steps
including: I) scanning of bone specimen from multiple
angles, II) reconstruction of the set of cross-sectional
images into a 3D data set, and I1I) analyses of the data
image set to obtain quantitative results. The system is
composed of a sealed microfocus x-ray tube and a
camera. For micro-CT scanning, small samples are
placed in the sealed sample holder. A series of
projection images is obtained by a rotation angle
between each image. From the projection images a
stack of 2D sections is obtained and reconstructed
into 3D objects (Burghardtetal, 2011, Boerckel et al,,
2014). Resolutions can be less than 10 pm/voxel.

Morphometric analyses of trabecular and
cortical bone microarchitecture with micro-CT uses
parameters derived from traditional
histomorphometry (trabecular number, thickness,
and separation) in addition to 3D parameters
developed for micro-CT. Early evaluation studies
comparing histomorphometry and 3D micro-CT has
indicated strong correlations (Muller et al., 1998),
while more recent reports indicate discrepancies

(Chappard et al, 2007, Hordon et al, 2006). 3D
measurements available for micro-CT data include
degree of anisotropy (DA) which is a measure of the
degree of structural orientation of the trabecular
network, i.e., the extent to which trabeculae are
aligned in a single direction (anisotropic), or
randomly aligned (isotropic) (Odgaard et al., 1997).
DA is highly related to the direction of mechanical
loading. Skeletal sites subjected to a single loading
direction have highly oriented trabeculae, hence high
DA. Therefore DA varies between skeletal sites.
Another 3D parameter is the structure model index
(SMI) by which the shape of trabecular structures
(rods and plates) can be characterized. Perfect plates,
rods and spheres have SMI values of 0, 3 and 4,
respectively (Hildebrand and Ruegsegger, 1997).

Numerous micro-CT studies on cadaveric bone
specimens have demonstrated differing
microarchitecture with aging, gender and anatomic
locations (Burghardt et al, 2011, Boerckel et al,
2014). In clinical studies iliac crest or femoral neck
bone biopsies are obtained for analyzing changes in
trabecular bone structure as result of drug
interventions, or metabolic and hormonal effects
(Chappard et al,, 2007, Hordon et al., 2006, Djuric et
al, 2013).

One limitation of micro-CT is the requirement of
small sample size. In older scanners the maximum
sample size is approximately 36 mm in length and 14
mm in diameter, while newer scanners have
approximate limitations of 140 mm length and 100
mm diameter (Donnelly, 2011). Micro-CT does not
provide information regarding bone remodeling or
cellular activity. For these parameters
histomorphometry is required. Specimen shape
strongly influence measurement outcomes and can
provide misleading conclusions. The invasive
methods reliant on biopsy specimens are not
amendable for application in larger population based
studies or as clinical routine. Several in vivo
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longer half-lives (Garnero et al, 1994). There are
numerous assays are available for measuring intact
OCN or different fragments (Cremers et al., 2008).

BONE RESORPTION MARKERS

Pyridinium cross-links. In mature collagen, the
structure is stabilized by amino acid cross-links
between the triple helical fibrils. In collagen type I and
other fibrillar collagens there are mainly pyridinoline
and deoxypyridinoline cross-links, which are
released into the circulation as degradation products
from bone resorption. Free or peptide-bound cross-
links can be measured in serum and urine using
immunoassays or HPLC (Naylor and Eastell, 2012).

Cross-linked telopeptides of type I collagen. Other
collagen degradation products from bone resorption
are peptide fragments that also are released into the
circulation. The telopeptides of collagen type I are
non-helical fragments containing the cross-linking
regions (Cremers et al, 2008). Both the N-terminal
cross-linked telopeptide (NTX-I) and the C- terminal
cross-linked telopeptide (CTX-I) can be measured in
serum and urine using immunoassays.

Tartrate resistant acid phosphatase (TRACP).
TRACP isoenzyme 5 is expressed by macrophages and
OCs. Activated macrophages express the 5a isoform,
while the 5b isoform is predominantly expressed by
OCs (Janckila etal., 2002). TRACP5b is an intracellular
enzyme with two enzyme activities; an acid
phosphatase activity and a reactive oxygen species
generating activity. TRACP5b functions are not well
understood, but degradation of internalized bone
matrix components through one or several
mechanisms have been suggested (Halleen et al,
1999, Angel et al, 2000). TRACP5b serum levels
increase during growth and in pathological
conditions associated with increased bone resorption
(OP, hyperparathyroidism) (Capeller et al., 2003).
Serum levels of TRACP5b can be measured with
immunoassays and reflects the OC number (Halleen
etal,, 2000).

LABORATORY TESTS AND SERUM MARKERS OF BONE
TURNOVER AS DIAGNOSTIC TOOLS

Although BTM measurements are widely assessable
today, for measurements to become standard
laboratory tests there are still a range of challenges to
solve. Due to the many sources of variation, reliable
interpretation of the results is difficult. Patient
characteristics (basic demography, diseases and
medications), sampling parameters (time of the day,
sample handling and storage) and assay-related
parameters are all sources of variability. BTMs also
correlate with 25(0OH)D and PTH levels. Low vitamin
D and high PTH are associated with increased BTM
levels, reflecting stimulation of bone turnover. Lack of
established reference ranges is another limitation.
There are several BTM tests available with varying
specificity and sensitivity. Serum marker levels seem
less variable than urinary levels (Naylor and Eastell,
2012).

BTM measurements are especially useful in
detecting secondary causes of OP, by identifying
patients with high turnover, and can predict major
osteoporotic fractures (Bonjour et al, 2014). The
value of BTMs in predicting bone loss is unclear. At
the cohort level, BTMs are inversely associated with
BMD and rate of bone loss (Lenora et al, 2007), but
have little predictive value at the individual patient
level (Naylor and Eastell, 2012). The correlation
between BTMs and BMD is stronger in
postmenopausal women compared to younger
women (Rosen etal., 1997). So far, BTMs seem useful
for monitoring progress of OP and osteopenia, and for
evaluating response to therapy. In a position
statement the International Osteoporosis Foundation
recommends serum PINP for formation and serum
CTX-I for resorption as reference markers in research
and clinical studies for comparable results across
studies (Vasikaran etal., 2011).
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PRIMARY STABILITY AND MICROMOTION

For osseointegration to take place, load transfer must
take place with minimal micromotion at the bone-
implant interface. Failure of implant fixation might be
due to relative motion between implant and bone
tissue. Firm primary stability and sufficient osseous
contact of cementless stems with surrounding bone
(i.e. mechanical interlock acquired at surgery)
minimize micromotion favoring bone ingrowth
(Galante, 1971). To achieve best possible initial
fixation, a slightly over-sized femoral component is
used and inserted by press-fitting.

Mechanically unstable conditions around
cementless implants result in fibrous tissue
formation and inhibited bony ingrowth. In case of
fibrous fixation, continuous micromotion at the
implant-bone interface can cause displacement
inhibiting osseointegration, eventually leading to
aseptic loosening and implant failure. By studying
controlled implant motions in an experimental large
animal model, Bragdon and co-workers (1996)
demonstrated that micromotion less than 20 pm
results in predominantly bony ingrowth, while
micromotion of 40-150 pum leads to a mixture of
fibrous tissue and bone formation. Motion at the
interface exceeding 150 pm predominantly results in
fibrous tissue formation and minimal
osseointegration (Engh et al,, 1992, Pilliar et al., 1986,
Jasty et al, 1997). Studies of cadaveric bone have
demonstrated micromotion up to 350 um at the bone-
implantinterface of radiographically fixed cementless
stems (Sychterz et al., 2002). Accordingly, mechanical
instability of the stem may result from two different
conditions: stem loosening (macro-instability) or
fibrous fixation (micro-instability).  Although
mechanical instability is not always radiologically
detectable, it is clinically associated with increased
thigh pain (Engh et al, 1987). In worst cases the
solution is revision.

Detailed  autopsy  studies of  stable
osseointegrated cementless hip implants showed that
on average only 35% (+5%) of porous coated surfaces
had bone ingrowth (Engh et al, 1995). At the
biologically fixed areas, cortical bone grew
circumferentially into the porous coatings, and was
integrated with the outer bone cortex. A more recent
autopsy study applying high-resolution digital image
analysis reported bone-implant contact fractions
ranging between 25% and 72% for radiologically
stable stems (age 58-92 years). The degree of
interface micromotion was inversely proportional to
the amount of bone-implant contact (Mann et al.,
2012).

Clinically, evaluation of osseointegration is
based on interpreting radiographs without definitive
proof of mechanical stability. Based on plain
radiographs cementless stems can be classified as
osseointegrated, fibrous stable or unstable based on
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qualitative radiographic features including bone
bridging (spot welds), reactive lines, pedestal
formation, calcar remodeling, radiolucent lines,
implant position and migration exceeding 4 mm.
Semi-quantitative radiological assessment can be
done according to a fixation/stability scoring system
(Engh et al., 1990). Stems that show spot weld are
considered osseointegrated. This definition of
osseointegration is merely based on empiric
knowledge of clinical component stability, and
histological examination of autopsy retrievals (Engh
etal, 1992, Sychterz et al., 2002).

As a way of assessing implant stability and
detecting motion, the position of the femoral stem can
be measured manually from repeated radiographs
using anatomical landmarks. This provides
information of possible stem sinking and
disalighment, indicating instability. The manual
method is robust, and a change of position of
approximately 5 mm is needed for identification
(Sutherland et al., 1982). The EBRA method (Ein Bild
Rontgen Analyse) provides a computerized method
for calculating implant migration from plain
radiographs. The method has an accuracy of 1-1.5 mm
(Biedermann et al, 1999, White et al, 2012).
Radiostereometric analysis (RSA) is the most
accurate method for measuring implant migration.
With an accuracy of 0.2 mm and ability to calculate
three dimensional migrations RSA has revolutionized
bone implant research (Selvik, 1974, Karrholm et al.,
1997, Nelissen et al,, 2011).

OSSEOINTEGRATION IN AGING AND OSTEOPOROSIS
Numerous animal studies have shown slower
osseointegration of both dental and orthopedic
implants in experimental OP (Vandamme etal.,, 2011).
In vitro studies using human or rodent OBs and MSCs
have clearly demonstrated impaired proliferation,
differentiation and bone formation of cells derived
from aged and osteoporotic subjects, cultured either
on plastic or different implant materials (Olivares-
Navarrete et al,, 2012, Giro et al., 2015). Age-related
changes in bone biology can have impact on implant
osseointegration and long-term mechanical stability.
While osseointegration of dental implants have been
widely studied, demonstrating impaired or slower
implant healing in aging and OP (Omar et al, 2011,
Giro et al, 2015), much less in known about
osseointegration of orthopedic implants in OP
patients and there is no definite data on survival of
cementless THA in these patients.

Previous studies have investigated the effect of
local bone quality (BMD of operated hip, Singh Index,
hip fracture as sign of local OP) on clinical and
radiological outcome of cementless THA. Kirsh et al.
(2001) found no difference in clinical and radiological
evaluation of a HA-coated THA between patients with
OP bone (Singh Index 1-3) and non-OP bone (Singh
Index 4-6). Patients were over 65 years of age and
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follow-up was 2-10 years. Similar results were
reported by Rhyu et al. (2012), comparing clinical and
radiological outcome of a cementless double-tapered
femoral stem in younger (< 50 years) control patients
and older (>70 years) patients with T-score of
proximal femur less than -2.5.

Fully coated cementless femoral stems have
displayed minimal 2-year migration (< 1 mm) in aged
(65-92 years) patients with femoral neck fractures

2.6.2 Stem design

(Skoldenberg et al., 2011b, Figved et al,, 2012). Both
these studies reported good clinical outcome at 2
years. A 5-year follow-up indicated good stability but
high periprosthetic bone loss and late-occurring
fractures (Skoldenberg et al., 2014). In a third study
(Schewelov etal,, 2012), major subsidence (average 3
mm) was documented during the initial 3 months in
hip fracture patients aged 70-96 years old, but stems
stabilized thereafter with good 2-year outcome.

Stem design is decisive for biological and biomechanical integration of the implant with the bone. It affects the strain
distribution of the proximal femur after THA and thereby the biological response. There is a large variety of cementless
stem designs available on the market, differing in terms of geometry and mechanisms for obtaining initial fixation,
but with similar successful survival rates (Khanuja et al., 2011). Design and surface patterns together designate the

fixation of the stem.

Initial mechanical stability achieved at time of
surgery is critical for long-term fixation. This is
influenced by geometry and surface properties, while
material, design and surface dictate the long-term
stability (Khanuja et al, 2011, Carli and Jerabek,
2015). The goal is to develop stems to achieve more
stable initial fixation for faster and more consistent
bone ingrowth to secure the long-term outcome.

In cementless THA, stem geometry important
for load transfer to the femoral bone stock, affecting
bone remodeling. Pattern of stress distribution and
bone reactions is determined by the stiffness between
bone and implant, the extent of coating, and the
alignment of the prosthesis (Bobyn et al,, 1992, Engh
et al, 1995, Decking et al,, 2006). By using materials
with a lower modulus of elasticity and by altering the
geometric design, stiffness is reduced and thereby
stress shielding can be reduced. Isoelastic stems with
the same modulus of elasticity as human femoral
bone were developed to decrease stress shielding
(Butel and Robb, 1988, Nistor et al,, 1991). However,
the more flexible stems caused an increased proximal
stress at the interface, deteriorating bone bonding,
causing micromotions at the interface with
subsequent implant loosening (Huiskes et al., 1992).
Cementless stems are usually made of cobalt-
chromium-molybdenum  alloys (CoCrMb) or
titanium-aluminum-vanadium alloys (Ti-6Al-
4V)(Khanuja et al, 2011). Since the modulus of
elasticity of titanium alloys is closer to that of bone
most femoral stems today are made of Ti-6Al-4V
(Carli and Jerabek, 2015).

The basic stem designs are straight or curved.
These can be cylindrical, tapered or anatomic. The
shape can further be wedged or modular (Khanuja et
al,, 2011). There are also short-stem designs. The two
central properties by which cementless stems can be
identified are 1) geometry through which initial

stability is achieved (anatomic, tapered, or straight)
and 2) where and how the stem is achieving
permanent bone fixation (type and extent of
roughness and coating (Carli and Jerabek, 2015).
Figure 2.16 demonstrate the development of
cementless stem designs.

Extent of fixation and thereby amount of stress
shielding is determined by the extent of porous
coating. Fully coated stems more often show
radiological signs of stress shielding compared to
proximally coated stems. The more proximal the
fixation, the lower the stress-shielding (Engh and
Bobyn, 1988). To better achieve initial stability and
dependable fixation in elderly women with altered
femoral morphology and osteoporotic cortical
degradation, modular (Sporer and Paprosky, 2004),
custom-made (Mulier et al.,, 2011, Santori and Santori,
2010) and short-stem (Khanuja et al., 2014) femoral
implants have been evaluated. Variable ranges of
periprosthetic bone loss and stem migration have
been reported for cementless stems. The length of the
stem also affects the pattern of remodeling and
osseointegration. With longer stems, proximal strain
is reduced while distal strain is increased (Arno etal,,
2012). Hence, with longer cementless stems, the load
transfer is less physiologic and lead to increased
proximal bone loss due to stress shielding. Although
cementless stems of variable designs have been used
and studied for a long time there are still no definitive
conclusions about optimal designs for different
situations (age, activity level, bone geometry type,
deformities). Therefore, repoting stem designs is
important for comparison of outcomes. With well-
designed and well implanted cementless femoral
stems stable fixation and osseointegration can be
achieved also in aged patients. Stress-shielding and
thigh pain are remaining concerns driving further
development.
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2.6.4 Radiostereometric analysis (RSA) for monitoring osseointegration

Radiostereometric analysis is the most accurate technique available for measuring implant migration, allowing three-
dimensional monitoring of micromigration (Selvik et al., 1983) and can detect hip implant movements down to the
magnitude of 0.2 mm and rotational movements of 0.5 degrees, depending on the RSA set-up (Soballe et al., 1993b,
Kdrrholm et al., 1997, Bottner et al., 2005). In vitro studies have demonstrated accuracy of 0.021 mm to 0.12 mm
(Onsten et al., 2001, Bragdon et al., 2002). RSA provide a useful method for monitoring migration and detecting stem
loosening early postoperatively (Kdrrholm et al., 2006, van der Voort et al., 2015). RSA indirectly measures stem
fixation, as osseointegration is characterized by cessation of micromotion.

Radiostereometry

BACKGROUND AND BASIC PRINCIPLES

Plain radiographs provide limited information on
early implant migration. Traditional radiological
features of loose stems (subsidence, pedestal
formation, cortical hypertrophy and increasing
radiolucency) appear at a late stage. Migration has to
exceed 5 mm for identification (Sutherland et al,
1982) and it can take up to 10 years before final signs
of femoral stem loosening appear on conventional
radiographs (Pijls etal,, 2012). RSA was presented by
Goran Selvik 40 years ago (1974) based on previous
radio photogrammetry and mathematical principles
(Davidson and Hedley, 1897) developed for
evaluation of metallic implant fixation (Bjork, 1968,
Hallert, 1954). Since then, the RSA method has been
continuously developed to improve the performance
and accuracy (Karrholm et al, 1997, Valstar et al,
2005). The basic principle of RSA is to determine the
precise position of two objects relative to each other
in three dimensions. By determining the relative
position of the femoral component and the proximal
femur, implant migration can be detected from
repeated examinations (Selvik, 1974). RSA
investigation includes four main steps: 1)
implantation of tantalum markers into the bone
segment, 2) radiographic examination, 3) computer
aided measurements from radiographs, and 4)
calculations of movements (Figure 2.17).

RSA is mainly used in assessment of prosthetic
fixation. Other emerging applications include
monitoring fracture stability (Ragnarsson and
Karrholm, 1991, Madanat et al,, 2012), implant wear
particle migration (von Schewelov etal.,, 2004, Callary
et al, 2013) and femoral head penetration (Bragdon
etal.,, 2004). In addition RSA has been applied to study
joint kinematics (Uvehammer et al, 2000), skeletal
growth (Hagglund et al,, 1986), and for evaluating
transdermal femoral implant systems in above-the-
knee amputations (Nebergall et al., 2012).

TECHNICAL PRINCIPLES

The method is based on the geometric concept of rigid
bodies, which is a mathematical model described by a
point matrix. According to mathematical kinematics,
a rigid body is a system of mass points in which the
distance between all paired points remain constant
throughout motion (Euler, 1776). In the matrix, any
three points that are non-collinear form a rigid body.

If the distance between the three points remains
constant, the exact position of the rigid body can be
calculated. If the movement of a rigid body in space is
such that every point on its matrix has the same
movement, the movement is defined as translation. If
all points on the rotation axis remain constant, and all
other points move relative to their distances from this
axis, the movement is defined as rotation (Bottner et
al,, 2005). In RSA, the movement of one rigid body
(implant) in relation to another rigid body (bone) is
plotted in an artificial reference coordinate system.
This is achieved by obtaining simultaneous dual
radiographs in combination with a calibration cage
constituting a 3D reference coordinate system
(Figure 2.17A-B). For calculating the exact position
of each rigid body (implant and bone) within the
matrix, the coordinates of three landmark points is
needed for each rigid body segment. Tantalum beads
are inserted into the implant and surrounding bone to
be used as distinct landmarks.

TANTALUM MARKERS FOR SEGMENT LOCALIZATION

Tantalum metal is an ideal material for the purpose of
RSA. Its high biocompatibility and resistance to
corrosion makes it optimal for implantation into the
human body, whereas its high atomic number makes
it easy to identify on radiographs. The tantalum beads
for RSA are implanted permanently into the bone, and
have not been associated with any adverse reactions
(Karrholm et al,, 1997). For implantation into the
body segment, tantalum beads with diameters of 0.6
mm and 0.8 mm are used. For adult hip joints, 0.8 mm
beads are commonly used, whereas the 1.0 mm beads
are used for marking the more radio-dense implant.
Beads are inserted to the bone using a spring-piston
(Aronson et al., 1974). For rigid body calculations of
the bone segment, a minimum of three non-collinear
markers are required (Selvik, 1974, Valstar et al,
2005). To guarantee successful analysis, insertion of
6 - 9 markers into the bone segment is recommended
to compensate for loose or invisible markers. The
markers need to be randomly distributed over the
bone segment, with clear proximal-to-distal
separation to enable their identification (Figure
2.17C-D). Accuracy of RSA increases if markers are
placed in a manner that creates a larger rigid body
(Ryd et al., 2000). Optimal approximate positions of
bone markers in a clinical study can be
predetermined through in vitro studies using
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distribution. Condition numbers below 110 are
considered very reliable and 150 is the upper CN limit
according to RSA guidelines (Valstar et al, 2005).
Stability of tantalum markers between follow-up
examinations can be assessed by calculating the
mean error of rigid body fitting (ME), representing
the mean difference between the relative distances of
markers in a rigid body in one examination compared
to another examination. 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 calculation of micromotions from
follow-up examinations.

CALCULATION OF MICROMOTIONS

Translations of implants are presented as motions in
the distal-proximal (Y), medial-lateral (X), and
posterior-anterior (Z) directions (Figure 2.17D). Set
in the right-hand side of the body, translations are
converted into anatomical relevance by designated
positive X as medial, positive Y as superior and
positive Z as anterior. Left hand extremities are dealt
with by reversing X-axis motions and presented in
terms of anatomical direction. In femoral stem
migration, negative translation along the Y-axis is
usually referred to as stem subsidence, or stem
sinking to better explain the clinical situation
(Karrholm et al,, 1994). Accordingly, rotation about
the Y-axis corresponds to external-internal, or
anteversion-retroversion rotation. Rotation about the
X-axis corresponds to flexion-extension (X), and
rotation about the Z-axis is abduction-adduction.
Positive rotations are set for right hand extremities,
while rotations in left hand extremities are corrected
by converting Y- and Z-axis directions (Valstar et al.,
2005).

As an expression of total translational and
rotational migration, vectors can be calculated using
the three dimensional Pythagorean Theorem (T2 = X2
+ Y2 + Z2) (Selvik, 1974, Kaptein et al, 2007).
Migration vectors can only have positive values. A
commonly used parameter is the maximum total
point motion (MTPM), which represents the length of
the translation vector of the point in a rigid body that
has the greatest motion. MTPM is supposed to reflect
the biological process contributing to (implant)
motion. However, MTPM not only depends on the
amount of motion, but on the location of the point and
can differ between implant designs, between follow-
up examinations, and is sensitive to marker instability
(Nilsson and Karrholm, 1993, Valstar et al,, 2005).
Hence, MTPM is a less reliable parameter compared
to segment motion parameters and is not good for
comparisons between studies and implant designs.

ACCURACY AND PRECISION
Accuracy of RSA is defined as the closeness of
agreement between micromotion measured by RSA

and micromotion measured by a method of higher
resolution (Ranstam et al, 2000, Ryd et al,, 2000).
Accuracy measurements are performed using in vitro
phantom models, and are required when setting up
new RSA facilities or introducing new RSA methods.
Several phantom studies have demonstrated high
accuracy of RSA for THA (Onsten etal., 2001, Bragdon
etal, 2002, von Schewelov et al,, 2004, Bragdon et al,,
2004, Bojan et al,, 2015).

Precision is defined as the closeness of
agreement between repeated measurements and is
assessed by double examinations within a time-
interval of 10 to 15 min, with repositioning of the
patient between the examinations. In clinical studies,
precision is evaluated for each patient (Ranstam et al,,
2000, Valstar et al, 2005). Precision values are
commonly used as detection limits to define whether
the segment of interest (implant, fracture) is fixed or
migrating. Due to high accuracy and precision of RSA,
clinical trials can be performed with small patient
populations (Ryd et al,, 1995, Valstar et al., 2005).

CHALLENGES, LIMITATIONS AND FUTURE
PERSPECTIVES OF RSA

Although the basic principles are relatively
straightforward, the practical application of RSA is
more complex. Radiographic examinations and
calculation of micromotions are time consuming. The
method is technically demanding, accounting for
several sources of measurement errors (Derbyshire
et al, 2009), and use of different RSA set-up systems
account for additional variability. Results can be
presented and interpreted in a number of ways
(mean, median, range, maximum migration) and
differences in detection limits and methods for
determining thresholds further contribute to
variations between reports. As a first step towards
standardization, a European RSA group published
user guidelines in 2005, including a list of
standardized output for clinical RSA studies (Valstar
et al, 2005). However, a recent systematic review
demonstrated that although guidelines have
improved the methodological reporting of hip and
knee arthroplasty RSA studies, adherence to
guidelines are still low (Madanat et al., 2014).

To overcome manufacturing challenges
associated with attachment of tantalum markers to
implants, model based RSA techniques have been
developed. By matching the radiographic projection
of the prosthesis to a virtual projection of a three
dimensional model, implant position can be assessed
without tantalum markers (Valstar et al, 2001,
Kaptein et al,, 2003). The accuracy of model based
RSA is considered comparable to traditional RSA
(Hurschler et al,, 2009). We recently demonstrated
that although the accuracy of model based RSA was
not as high as for marker-based RSA, the clinical
precision is acceptable (Farsani et al, 2016). The
technique provides increased possibilities for RSA
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‘ TABLE 2.3 RSA studies on cementless femoral stems. Only marker-based studies included.

Mean Subsidence (mm)
Authors Year Stem design N Age Indication Precision 2-6 months 12 months 24 months Main findings
(F/M)  (range) (mm)
All stems migrated by
Sgballe . 59 Not " 3 - o Not 3 months. HA-coated
ey 1993 Ti-coated 13 (50.68) i 0.1 2.5%(0.8) 3.9 (0.8) I— e
months, Ti-coated
57 Not continued up to 12
HA- d 1 1.9* (0.5)° 1.7* (0.4)°
coate: 5 (48.63) 9*(0.5) (0.4) measured months.
0.04 0.07 0.04
Karrholm 23 56
1994 Tifit HA . 0.25 (-0.9to (-1.2t0 0.8) (-1.2t0 0.8) Subsidence of the
l 12/11 -
aat, (/) () Prlmarz @ 0.2)° b b porous coated stem,
201 -0.09 0.1 only minor with the
Tifit porous 21 55 OA (6) HA coated (p=
0. . 0. . 2. . p=0.02).
conted 13/8)  (45.63) (D7thoOZ) (07tboO4) (271003)
Karholm Eooch 38 58 ZZ:::;:A 051 Not Not -0.02 -
etal, P (19/19)  (36-71) i . reported reported (0.16-1.04)°  Optimum fixation
OA(3) with both stems.
i - Subsidence close to
Anatomic 30 61 Psrelrcr:)anr‘\j/aOA Not Not 0 32'?)53 b zero
(zimmer) (7/23) (38-74) Y reported reported ) :
0A(2)
Migration within first
Strom et 13 42 Congenital 0.3 0.2 0.3 4 month. Cone stem
al, RUCSI cleEten (7/6)  (2858) dysplasia o2 (0.00-1.23)°  (0.02-0.69)®  (0.0-1.71)®  showed good clinical
outcome.
Grant et Custom 19 52 " Marginal migration up
al, 2005 made (21/16) (31-65) Hip OA 0.11-0.15 0.1 0.2 0.06 to2 year
ProxiLockHA Difference in
B:)ttlner 2005  Full weight- (1;:1) (3:_?.’9) Hip OA N(: d “ -71;1) b Not " o d subsidence at 6
etal, ened) reportes .7-0: measure measure weeks. No difference
3 at 6 months. Weight-
P'OX'LO_CkHA bearing as tolerated
Pa_rtlal 17 47 Hip OA -0.4 . Not Not Tecommendedifor
welg.ht- (4/13) (24-59) (-1.7-0.4) measured measured young patients with
bearing excellent bone quality
. Primary OA -1.0 1.1 1.1 Migration pattern
;‘I‘“es € 2006  ProxiLock (274/215) (3;§7) Secondary 0.2 (3.92t0 (3.63to0 (3.62t0 indicated insufficient
" OA (6) 0.24)° 0.32)° 0.11)° primary fixation of
ProxiLock in
immediate weight-
ProxiLock 0.8 0.8 -0.9 bearing. HA coating
HA (3.29 :0 (336 £° (3.32 :)o improved secondary
0.12) 0.03) 0.00) stability. Implant use
discontinued.
Strém et 22 55 RO ) 0 = vsr:l::;‘:\errf:rf I;::Ie
alh, 2006 Cone stem 7/s) (45-65) Seg;n(dsz;ry 0.43 (-2.49.’-0.07) (-2446.’—0.05) (-2.51;0.03) Excellent clinical 2
year results.
05 05 Small migration first 3
. . -0. hs.
Semet 5006 cs 29 5> primary 0A 0.24 (-3.54- (-3.58- ot months. Thereafter
al., (26-63) 017)° 0.3 measured stable. No effect of
) ) early weight-bearing.
Primary OA 03 03 No adverse effect of
Thien et 43 53 Secondary Not . . Not. full weight bearing
al., 2007 gecl (23/20) (41-63) OA (3) reported (04'136;: (:.ﬁ)ﬁo measured immediate after
Other (4) : ) operation
No difference in
Strom et 2007 s 42 55 Primary hip 024 ( _;)72 to (-é;;to (_6_17'62“, migration between
al., (20/22) (<65) OA : o ‘0411, 0'03)., 0‘11)., partial and full weight
i ) ) bearing.
-0.3 -0.3 -0.4
i 2 7 initial migrati
z't";;’”" 2010 FurongHAC | 439) (33_27) Hip OA 0.1 (0.51to (0.54to (-0.55 to More initial migration
., 0.03)11 -026)" 0.24) b with the shorter stem
10 1 1 (Active). Subsi e
Furlong 20 71 T i o mainly up to 6
. 0.1 (-1.60to (-1.59 to (-1.65 to T
Active (10/10) (58-91) 0.38)° -0.55)° .0.56)°
e o o 0.7 -0.6 A6 Subsidence first 6
o nl" 2011 Corail HA (18/9) (55-80) Hip OA 0.04 (-3.46 - (-3.66- 3 71_'0 23) months. No further
i 0.26)° 0.35)° . - migration thereafter.
Baad- Versys Fib a“ 60 2.4 2.3 2.7 Major subsidence
Hansen 2011 Nf't"lsT ! e: (oja1) 49700 Primary OA 0.2 (-3.66t0 - (-2.981t0 - (3.93to-  with both stems up to
etal, etal fape 1.18) 0.64)° 1.42 2years,
VerSys Fiber -2.0 -1.8 -1.8 gr;ic:;::a::lt\i/elé;zsto
Metal (-2.93to- (-2.88to- (-2.45to - need to b'e followed
MidCoat 0.31) 0.77 1.15)°
995% Cl; ® Range; < Approximated from graphs; “median; eSEM; *maximum total point motion (MTPM); +SD
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Continued TABLE 2.3 RSA studies on cementless femoral stems. Only marker-based studies include

Mean id (mm)
N Age o Precision 12 N -
Authors Year Implant (/M) (range) Indication (mm) 2-6 months months 24 months Main findings
Taperloc 50 63 Primary " s Stem subsidence first
41
Boe et al., 2011 = e (e ~ 0.11 0.4 03 0.3£0.7 Fpr e
Taperloc stabilized. No
F;M 0.3° 0.4 0.30.5 difference between
groups.
. Migration during first
Lindahl et al., 2012 Tap::“ ( 136) i sisss) P"(')":'V 0.09 -0.5° -0.4° -0.5t0.82  6months, thereafter
stable.
The CFP stem
. -0.1 -0.1 showed very little
. 27 56 Primary -0.1 . N
Lazarinis et al., 2013 CFP (18/9) (42-65) oA 0.09 (-0.57t00.22)° (-0.94 :o (-1.67 :o mlgratlon_, »
0.35) 0.30) characteristic of a
stable implant
-0.3 -0.3 More 3 months
Furl 25 63 Pril -0.3
Weber et al., 2014 l::gg (7/18) (49-75) ncr)n:ry (-0.50 t0-0.13)° (-0.52 to - (-046 to - subsidence with
) . 0.14)* 0.07)* Active stem. Both
Furlong 25 62 -1.0 10 10 §t§$§f§:bﬂ'§ed e
active (16/9) (50-77) 0.08 mm (-1.64 to -0.35)° ('lo‘iso;f : (10622;0 - difference between
i} i the stems.
Edmondson et :
. Not o 19 Not Small subsidence,
al, ROk K2 REY AT RISES reported 13(@=5) (0.60)° measured good clinical
outcome. No
Apex 2.1(057) 25 X Not difference between
. e stems.
modular (0.54) measured the st
McCalden et al., -0.9
’ SMF 22 63 Primary Not = & L
2015 -0.6 -0.8 (-5.86- No significant
hort] 9/13 46-78) OA rted
(Hiend) B/ { ) TS 0.03)° difference in stem
21 67 -0.3 migration at 2 years.
-0.3¢ -0.3¢ -1.57- 1 lusive study.
Synergy (12/9) (45-81) 0.3 0.3 (-1 57h nconclusive study.
0.28)
Salemyr et al., Ultra- . 4 1.6%¢ d Migration first 3
26 62 Primary 1.7* 1.7*
2015 short HA 0.54* b (0.45- b month, then
Proxima (15/11) (+5) OA (0.27-5.62) 5.81)° (0.39-6.00) bilized. Lower
bone loss and equal
0.6 excellent stem
Bi-metric 25 62 0.7* 0.9* n n
b (0.20- b fixation with the
HA (14/11) (#6) (0.08-7.05) 7.73)° (087-7.47) ultrashort anatomical
stem
Migration first 3
Taperloc 49 63 Not 0.1 Not Not
Hatcietul 2l BM (31/19 (27-81) reported @ (0.07 to 0.15)° reported reported months, not
thereafter. No
difference in
Taperloc 0.1 Not Not ;nlgr:ftmnl o
HA (0.06 to 0.14)* reported reported TS G
compared to
d stems.
Biomet Subsidence up to 3
" Femoral months, no
Z'I“"de"be'g & A ;:":‘“;Le” - 65/01 . (7:;2) neck 019 0.2t0.5 0.2t0.5 0205 additional migration.
" HA fracture Good stability and
clinical outcome.
Migration first 3
months, not
thereafter. No
Femoral 0.2
. Corail 78 0.1 Not difference in
Figved etal, 2012 Full HA u (65-88) neck 0.02 (-0.02t0 0.29)° (0.02 tao measured migration or
fracture 0.28) .
functional outcome
compared to
cemented stems.
Major migration of
the fully HA-coated
Femoral stem first 3 months.
Corail 38 81 c o -2.5¢ . o Good clinical
Schewelov et al., 2012 Full HA (25/13) (70-96) fr:cetzkre 0.1 2.8°(0.8)’ (0.6 3.0°(0.8)’ outcome. No
correlation between
hip BMD and 2 yrs
subsidence.
995% Cl;  Range; < Approximated from graphs; “median; ¢SEM; *maximum total point motion (MTPM); +SD
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5.3 EVALUATING MSC PROPERTIES

For studying the MSC properties of the THA patients,
protocols for isolation, culturing and differentiation
of bone marrow MSCs have been set up based on and
modified from established protocols available at the
time of initiation of the study. The osteogenic
differentiation capacity was the main focus of the
study, while other MSC properties served as part of
the characterization protocol.

For setting up protocols for MSC analyses, and for
comparison of the MSC capacity of THA patients, iliac
crest bone marrow MSCs from a reference group of
eight younger female fracture patients (mean age
37+17, range 19-60 years), without medication or
diagnoses affecting the bone metabolism, were
included (Table 5-3). The reference group was
recruited as part of another study (Alm et al,, 2010).
The osteogenic differentiation assay of MSCs was
further developed as part of the study (/I), including
MSCs from eleven THA females and six younger
fracture females.

Of the 53 patients enrolled in the study, MSCs
were successfully isolated, expanded and analyzed
for osteogenic differentiation capacity from iliac crest
bone marrow aspirates of 30 patients. Of these, 11
belonged to the group excluded from the 2-year RSA
follow-up (severe OP n=9, surgical complications n=1,
absence of RSA bone markers n=1). Consequently, 19
patients were included in comparisons of MSC
capacity and RSA measured femoral stem migration

)
5.4 ETHICS

The study was conducted in accordance with the
principles in the Declaration of Helsinki. The study
protocols were approved by The Ethics Committee of
the Hospital District of Southwest Finland, and all
patients provided written informed consent prior to
enrollment. The study was initiated, designed and
performed as an academic investigation. Funding
sources had no input or participation in conducting
the study, analyzing the results or preparation of
manuscripts.

TABLE 5.1 Preoperative patient characteristics of enrolled
females with hip OA (n=61)

Age, mean#SD (range) 6519 (41-79) years
306 (21-48)
18+8 (range 1-33)

BMI (kg/m?), meanSD (range)

Years since menopause

Estrogen replacement, n 11 (18%)
Use of calcium supplement 19 (31%)
Use of vitamin D supplement 18 (30%)
Smoking, n 5(8%)
Alcohol consumption (drinks/week) 2 (range 0-10)
Vitamin D insufficiency (< 50 nmol/L), n 19 (31%)
Vitamin D < 80 nmol/L, n 48 (79%)
Previous fractures, n 23 (38%)
Preoperative medication, n

OP medication 2 (3%)

Corticosteroid use 4(7%)

Concurrent  OP  medication  and 2(3%)

corticosteroid use

Systemic BMD (n, based on T-scores from 10 anatomical sites)

Normal BMD 15 (25%)
Osteopenia 26 (43%)
Osteoporosis 20 (32%)
Initiation of OP medication (T-score < -
35),n 10 (16%)
Disease scores
Kellgren-Lawrence score 341 (1-4)
Harris Hip Score 50+15 (13-84)
WOMAC 50+16 (11-95)
Dorr classification (n)
Type A 27 (44%)
Type B 26 (43%)
Type C 8 (13%)
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TABLE 5.2 Preoperative patient characteristics of subgroups of THA females included in studies I-VI

) Study | Study Il Study Il Study IV Study V Study VI
Demographics
n=53 n=11 n=39 n=35 n=39 n=19
Age, meantSD 65+9 63£10 6318 64+8 64+8 64+9
(range) (41-79) (41-75) (41-79) (41-78) (41-78) (50-78)
BMI (kg/m?), 306 2945 3146 316 31t6 3045
meanSD (range) (21-48) (21-39) (21-48) (21-48) (21-48) (23-39)
Postmenopausal, n 57 (93%) 10 (91%) 36 (92%) 32(91%) 36 (92%) 19 (100%)
Years since menopause 1848 (1-33) 1746 (8-29) 1748 (3-33) 1848 (3-33) 1848 (3-33) 1948 (6-33)
Estl I t,
resenepacemen 11 (18%) 2(18%) 9 (23%) 8 (23%) 9 (23%) 5 (26%)
Use of calci
se ot caiclum 19 (31%) 2 (18%) 6 (15%) 6 (17%) 6 (15%) 1(5%)
supplement
Use of vitamin D
18 (30%) 2 (18%) 7 (18%) 7 (20%) 7 (18%) 1(5%)
supplement
Vitamin D insufficiency
19 (31%) 4 (36%) 15 (39%) 15 (43%) 16 (41%) 9 (47%)
(<50 nmol/L), n
Smoking, n 5 (8%) 1(9%) 4(10%) 2 (6%) 3(8%) 2 (11%)
2
Alcohol consumption ( 2 2 2 2 2
range
(drinks/week) o 15) (range 0-6) (range 0-6) (range 0-6) (range 0-6) (range 0-10)
Previous fractures, n 23 (38%) 4 (36%) 10 (26%) 7 (20%) 8(21%) 5(26%)
Systemic BMD
Normal BMD, n 14 (26%) 2(18%) 12 (31%) 12 (3%) 12 (31%) 4(21%)
Osteopenia, n 24 (45%) 4(36%) 22 (56%) 18 (51%) 22 (56%) 12 (63%)
Osteoporosis, n 15 (29%) 5 (46%) 5(13%) 5(14%) 5(13%) 3 (16%)
Disease scores mean+SD (range)
o 49+15 50+16 49+15 51+16 50+16 53£16
Harris Hip Score
(13-84) (17-75) (13-75) (13-84) (13-84) (17-84)
51+15 55+15 51+16 49+15 50+16 50+15
WOMAC
(26-95) (32-77) (26-95) (26-95) (26-95) (32-77)
Dorr classification (n)
Type A 23 (43%) 8 (73%) 22 (56%) 20 (57%) 21 (54%) 11 (58%)
Type B 25 (47%) 2 (18%) 16 (41%) 15 (43%) 18 (46%) 8 (42%)
Type C 5 (10%) 1(9%) 1(3%) 0 (0%) 0 (0%) 0 (0%)
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Colony formation

Phenotype

Negative control

@)

o Adipogenic
diferentiation

Chondrogenic
diferentiation

FIGURE 7.3 MSCs characterization. (A) Colony formation capacity demonstrated by seeding bone marrow MNCs at low density (200,000
MNCs/cm?) in 6-well plates. Representative CFU assays from three THA patients. Crystal violet staining. (B) I ocytochemistry
demonstrating an MSC phenotype according to ISCT minimal criteria. Microphotographs by Terhi Heino. Scale bar=100 um. (C)
Adipogenic differentiation demonstrated upon induction as accumulation of intracellular lipid droplets and staining for Oil Red O. Scale
bar=100 um. (D) Chondrogenic differentiation in micromass cultures, fixed, embedded in paraffin, cut in sections and stained for
toluidine blue. Scale bar=50 um.
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\ TABLE 7.6 Quantification of osteoblastic differentiation in age groups. Mean * SD

One-week One-week Continuous  Continuous
Age Days of MS.C OP 10 nM Dex 100 nM Dex 10 nM Dex 100 nM Dex
Group culture medium  medium
treatment treatment treatment treatment
14 0+0 23+9 50+4 69+8** 11+3 4+2
| 21 0+0 18+16 81+4# 8345%** 33+2 1648
(19-26 years,
n=4) 28 1+1 71+14 88+2 9142%** 75+13 7416
35 1#1 47+7 767 81+4* 79+11% 6617
14 1+1 239 3319 83+10*** 5+3 21
ALP U 21 2+2 43+17 78+4 85+1* 54+23 815
stained (38-60 years,
area (%) n=6) 28 1+1 73+12 81+2 92+5%* 83+3 725
35 21 42+12 80+3 86+3** 79+6 41+14
14 00 242 23+5% 20+6** 4+2 4+2
n 21 0£0 3241 45+3 522%* 2242 11
(65-75 years,
n=7) 28 1+1 35+12 61+4 70+5%* 18+8 32+4
35 0x0 233 4314 7418%** 3915 1915
21 negative 5+3 155 15+4 1616 157
|
(19-26 yrs, 28 negative 35+18 78+8# 8248** 42+35 48431
n=4)
35 negative 15+19 8243 86+2** 16+19 95
21 negative 241 15+7# 16+4* 167 136"
von Kossa n
stained (38-60 yrs, 28 negative 59+179 6122 7619* 543 40+39
area (%) n=6)
35 negative 24129 7316 79+5%* 61+19% 14+9
21 negative 21 12+2 113 105 6+4
n
(65-75 yrs, 28 negative 166 49+21# 64+18* 25+36 65
n=7)
35 negative 5+3 55+8 73+4%* 25£12 4+2

Mixed models analysis of variance, one-week 100 nM Dex treatment compared to all other treatments. Asterisk indicate one-week 100
nM Dex treatment significantly higher compared to all other treatments at that time point; *p<0.05; **p<0.01; ***p<0.001; #Not

significantly lower than one-week 100 nM Dex treatment.

7.2.3.3 Transient Dex treatment stimulated
proliferation and viability, and inhibited
apoptosis

Transient Dex treatment with 10 or 100 nM
stimulated cell proliferation compared to continuous
Dex treatments. No difference was seen between
transient treatment with 10 and 100 nM at any time
point. The levels of dead cells were low (< 2%) in all
culture conditions throughout the experiment. In MSC
medium and cultures continuously treated with 10
and 100 nM Dex the levels of dead cells were elevated
at 14 days (still less than 8%). Transient treatment
with 100 nM Dex showed the lowest levels of dead
cells throughout the experiment. In line with the total
fraction of dead cells, apoptosis rates were low in all
culture conditions. At day 21, OB-medium without
Dex showed significantly higher apoptosis levels
compared to all other treatments (5-16 fold). The
lowest apoptosis level was found with transient 100
nM Dex treatment.

7.2.3.4 Decreased variability with transient Dex
treatment

Compared to other culture conditions, transient
treatment with 100 nM Dex resulted in significantly
lower variability between donors (interindividual
variation) and between parallel samples of the same
donor (intraindividual variation). This was evident in
all read-out assays of osteoblastic differentiation
(ALP-assay, ALP staining, von Kossa staining),
independent of donor age (Table 7.7).
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TABLE 7.7 Variability within age groups. Inter- and intraindividual coefficients of variation (CV %) in osteogenic

differentiation assays

Age MSC o8 One-week One-week Continuous Continuous
Grfu medium medium 10 nM Dex 100 nM Dex 10 nM Dex 100 nM Dex
P treatment treatment treatment treatment
Interindividual coefficients of variation (%)
| 123 49 16 10* 37 54
ALP
stained 1} 73 50 27 7* 42 68
area (%)
1} 183 49 33* 23* 69 69
negative 88 8* 8* 110 102
von Kossa
stained 1} negative 90 43 30* 90 115
area (%)
1l negative 65 41* 35* 114 72
Intraindividual coefficients of variation (%), mean (range)
| 95 23 7 5 21 31
(69-121) (2-44) (1-17) (2-10)* (4-39) (2-60)
Sti\::;d M 75 42 17 6 19 45
X X - -16)* X -
area (%) (68-82) (19-56) (2-38) (0-16) (2-55) (17-102)
m 83 23 16 11 36 31
(70-96) (2-83) (3-47)% (1-42)% (10-80) (1-50)
negative 90 7 2 93 71
6 (73-115) (3-12) (1-5)* (53-131) 52-82)
vz:aﬁc:;a 1} negative 49 33 5 51 60
- - -39)# X -
area (%) (4-81) (24-41) (2-39) (9-92) (21-97)
m negative 48 37 19 46 72
g (42-55) (4-80) (6-32)* (6-85) (48-90)

CV% = (SD/mean) x 100; Comparisons between treatments within age groups: *p<0.05 compared to all other
treatments; §p<0.05 compared to MSC, 10 nM Dex and 100 nM Dex; #p<0.05 compared to all other but 10 nM
1 week. Age groups: 1=19-26 yrs, n=4), 11=38-60 yrs, n=6, 111=65-75 yrs, n=7

e evaluation of osteogenic differenti

n in different Dex treatments

o8 One-week One-week Continuous Continuous

medium 10 nM Dex 100 nM Dex 10 nM Dex 100 nM Dex

treatment treatment treatment treatment
Monolayered MSCs + + + + +
Cuboidal cells + + + + +
Multilayered clusters + + + + -
3-D strand-like formations ++ + +++ + -
Nodules - - - - -
Brownish osteoid ++ ++ + +++ +
Mature mineralized ECM + + +++ + ++
Coll ++ Not done ++ Not done +
OCN - Not done ++ Not done +

ECM= extracellular matrix; Col1l= collagen type 1; OCN=osteocalcin
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7.2.3.5 Patterns of in vitro bone formation vary
with Dex treatments

Regarding cell morphology and in vitro 3D bone
matrix formation, clear differences were visible
between the culture conditions. Controls without Dex
and cultures of one week treatment with 10 or 100
nM Dex reached confluence by day 14, with ALP
stained cells evenly spread throughout the culture by
day 21. Continuously treated cultures (10 and 100
nM) were only 40% confluent, with mostly single
layered cells showing membrane extensions and
sparser ALP staining (Figure 7.7).

As a further sign of osteogenic differentiation,
all cultures but those constantly treated with 100 nM
Dex had areas of multilayered cells of both cuboidal
and MSC-morphology at day 14. By days 28-35,
differences were even more visible regarding the
structure and morphology of 3D formations
associated with bone formation. Typical bone nodules
were rarely observed. In cultures transiently treated
with 100 nM Dex multilayered cells packed tightly to
form 3D strand-like formations that stained positive
for both ALP and von Kossa. Similar formations were
observed in control cultures without Dex (Figure
7.8). Cultures constantly treated with 100 nM Dex
showed no 3D matrix formation.

Immunostaining for COL1 and OCN confirmed
complete osteoblastic differentiation. At day 14, COL1
staining was clear and widespread in controls
without Dex and cultures transiently treated with 100
nM Dex. As expected, OCN was not detected in
cultures without Dex at any time point. Cultures
transiently or continuously treated with 100 nM Dex
stained positive for OCN at 28 days. A summary of
quantitative evaluation with different Dex treatments
are presented in Table 7.8.

FIGURE 7.7 Osteogenic

differentiation and
mineralization in different DEX
treated cultures. Clear

differences in confluence, cell
morphology, and 3D matrix
formation were visible between
different cultures conditions.
Osteogenic differentiation
visualized by ALP staining (A-C)
and extracellular matrix
mineralization visualized by von
Kossa staining (D-F). 3D strand-
like  formations in cultures
without Dex (D) and transiently
treated with Dex (F) stained
strongly for von Kossa. Scale

bars=100 um.

FIGURE 7.8 Three dimensional strand-like
formations were seen in all cultures transiently
treated with Dex. These 3D structures,
representing the sites of in vitro bone
formation, stained strongly for both ALP (A)
and von Kossa (B-C). The strand-like formations
were surrounded by multilayer of cells (*)
together with a few round cells. Further out
from the 3D structures were undifferentiated
monolayer of cells with MSC morphology
(arrows). The rectangle area in (B) is magnified
in (C). Scale bars=100 um.
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FIGURE 7.9 The proliferative
capacity of MSCs expressed as
cumulative population doublings.
The proliferative capacity varied
widely for MSCs from individual THA
patients with normal systemic BMD
(n=9), osteopenia (n=19), and
osteoporosis  (n=13), with a
generally lower capacity compared
to MSCs from the reference group of
younger female fracture patients
(n=8).

FIGURE 7.10 Osteogenic
differentiation of MSCs from THA
females. After culturing under
osteogenic conditions,
differentiation was visualized by
staining for ALP (A-B). Indicating
osteogenic maturation, mineralized
extracellular matrix was visualized
by staining for von Kossa (C-D) MSCs
from individual patients cultured in
24-well plates (@ 15.5 mm) showed
varying degree of (B) differentiation
and (C) mineralization, which was
utilized for dividing the patients into
high and low OB-capacity groups.
Scale bars=100 um.
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7.4.2 Periprosthetic BMD
During the first 6 months after surgery, there was a
general bone loss around the femoral stem, followed
by recovery in most zones by 24 months (Figure
7.11). Total periprosthetic BMD (zones 1-7 together)
decreased by 3.8% by 6 months (p=0.003), but
started to recover thereafter, reaching -2.6% at 12
months (p=0.002) and approached the baseline value
by 24 months (-1.5%).

The most prominent changes in periprosthetic
BMD was seen in zones 5 and 7. In zone 5, BMD
increased continuously compared to baseline, with a
bone gain of 2.2% at 6 months (p=0.007) and 5.2% at
24 months (p < 0.001). In Gruen zone 7, a continuous
bone loss was seen with an average BMD decrease of
16% already at 3 months (p<0.001). At 24 months,
BMD in zone 7 had decreased on average by 23% (p <
0.001). On radiographs, bone loss in zone 7 was
detected as cortical bone rounding, a sign of adaptive
remodeling following stem implantation (Figure
7.12). Low preoperative systemic BMD predicted this
bone loss in zone 7 (p=0.037) (Figure 7.11).

Regression analysis between the lowest
preoperative T-score (any measured site) and BMD
changes in zone 7 at 24 months confirmed that low
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preoperative systemic BMD was associated with
higher bone loss (r=0.38, r2=0.147, p=0.015). The
preoperative total BMD of the operated hip did notact
as an independent predictor of periprosthetic bone
loss in zone 7 (p=0.648) and no association was found
between baseline BMD and loss of BMD for zone 7 at

24 months (p=0.994).

Preoperative serum markers of bone turnover
failed to predict bone loss in zone 7. On the contrary,
there was a relationship between bone turnover
markers and the transient BMD decrease in zone 2 as
well as the continuous BMD increase in zone 5. In
zone 2, high preoperative levels of resorption
markers NTX and TRACP-5b (p<0.001 for both), and
low preoperative level of bone formation marker
PINP (p=0.01) predicted the transient bone loss
during the first 6 months. Also the uncoupling index
predicted the BMD changes in zone 2 (p=0.002), with
better preservation of periprosthetic bone in patients
with turnover in favor of bone formation (positive
index) compared to patients with turnover in favor of
bone resorption (negative index). In zone 5, high
preoperative serum levels of bone ALP predicted the
continuous increase of BMD (p=0.04).

No associations were found between any of the
radiographic  parameters of the
proximal femur geometry (Dorr
classification and CFI) and degree of
periprosthetic bone loss.
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FIGURE 7.11 Mean (95% Cl) percentage change in periprosthetic BMD in each of the seven
Gruen zones and in total periprosthetic BMD (1-7) in patients with normal (solid line) or low
(dashed line) systemic BMD. Low systemic BMD predicted increased bone loss in Gruen zone 7.
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FIGURE 7.12 Adoptive remodeling.
Radiographs taken postoperatively (A, C)
and after 2-years (B, D) demonstrating
bone changes in Gruen zone 7 in two of the
THA patients. Bone loss is seen as rounding
off of the medial periprosthetic bone
(arrows) due to adaptive remodeling.
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7.4.3 Magnitude of stem migration compared

to baseline

A total of 39 patients completed the 24 months RSA
follow-up. Stem migration mainly took place during
the first 3 months after surgery, and in 35 patients the
stem had migrated beyond the detection limits for
micromigration (translation and/or rotation). The
mean (£SD) initial stem subsidence of all patients was
0.9£0.8 mm, ranging between 0 and 3.9 mm (p<0.001
compared to baseline). The mean axial rotation at 3
months was 0.8+2.0 degrees, ranging between 0.1
and 8.5 degrees (p=0.03 compared to baseline). Of the
stems that rotated beyond the detection limit,
rotation was retroversion in 17 patients and
anteversion in four patients.

When comparing the stem positions at 24
months to baseline, there appeared to be no
significant additional migration after 3 months, as the
average change in stem position along the y-axis (y
translation) at 24 months was 1.0+0.9 mm (range 0.0-
4.2 mm), and the average change in stem position
around the y-axis (y rotation) was 1.8+1.8 degrees
(range 0.1-8.9 degrees). However, analyses at the

—a— Normal BMD —G- - Low BMD

individual patient level indicated otherwise. At 3
months, subsidence exceeding 2 mm was detected in
five of the patients, and by 24 months two additional
patients displayed subsidence of more than 2 mm.
This was even more pronounced for the axial rotation,
where only two patients had rotational migration
exceeding 3 degrees at 3 months, but by 24 months
the stems in a total of 12 patients had rotated more
than 3 degrees.

7.4.4 Effect of systemic BMD on stem
migration

Preoperative systemic BMD status predicted the
magnitude of stem subsidence (p=0.007), with more
initial stem subsidence in patients with low systemic
BMD compared to patients with normal systemic
BMD (Figure 7.13A). The difference between the
BMD groups remained during the 24-months follow-
up. The three dimensional translational migration (x,
y, z), represented by the translation vector, showed a
similar trend of more migration in patients with low
systemic BMD, but the difference was not statistically
significant (p=0.1) (Figure 7.13B). In both BMD

A B
Stem subsidence (mm) Translation vector (mm)
0 3
\ p=0.007 p=0.10
\
0.5 +—x 25
\
\ 2
-1
T~ ———— P —————— -5 15 ——r=————t=————————— -
15 4 1§
-
/ —
2 0547
25 v : ' v : ' T T 0 — . . . . E v .
0 3 6 12 24 0 3 6 12 24
Months since surgery Months since surgery
Cc D
Rotation (retroversion/anteversion) (degrees) Rotation vector (degrees)
4 5
p=0.90 p=0.84
35 40
4
¢ 35
25 3 1
2 25 l
R ey e
154 1 B m——— 2 .
15
1 7. /,
4 : /f
0.5 05
0d—— : 3 2 = = ¢ > 0 t{ v v . , : - - .
0 3 6 12 24 0 3 6 12 24

Months since surgery

Months since surgery

FIGURE 7.13 Time related stem migration determined by RSA in THA patients with normal (solid line) or low (dashed line) systemic
BMD. (A) Axial migration expressed as stem subsidence (precision 0.42 mm). (B) Total translational migration expressed as the
translation vector (precision 0.40 mm). (C) Axial rotation of the stem (retroversion or anteversion, precision 1.81 degrees). (D) Total
rotational migration expressed as the rotation vector (precision 1.32 degrees). Time related differences between groups analyzed
with repeated measures ANOVA with group as cofactor. Time related changes from baseline to 3 months analyzed with paired T-
test. Time related changes between 3 and 24 months analyzed with repeated measures ANOVA. Mean#SD.
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8 DISCUSSION

Long-term success of cementless THA relies on proper biological fixation of the implant to the surrounding bone, a
process assumed to take 3-6 months. Aside from appropriate implant properties, bone quality and osteogenic
potential at the implantation site are considered to dictate the course of osseointegration (Engh et al., 1987, Khanuja
et al., 2011), but very little is known about factors actually affecting the process of osseointegration. Cementless
fixation represents over 50% of all primary THAs in most of the Western world (Carli and Jerabek, 2015, Sadoghi et
al., 2012), and postmenopausal women with primary hip OA constitute a majority of these patents (Mdkeld et al.,
2008, Sadoghi et al., 2012). Still, their systemic bone quality status is rarely examined prior to THA, although age-
related decrease in bone quality and MSC function can contribute to impaired bone healing and delayed
osseointegration. Early implant migration and osseointegration of cementless femoral stems has never been
prospectively monitored in postmenopausal women at risk of decreased systemic bone quality. Considering the
essential role of MSCs in the process of osseointegration, it is important to better understand the relationship between

osteogenic properties of MSCs and implant healing.

8.1 DISCUSSION ON RESULTS
8.1.1 Bone quality in postmenopausal
women scheduled for cementless THA

Systemic BMD

The prevalence of decreased systemic BMD was high
in the female patients scheduled for cementless THA,
as the majority of the patients (39 out of 53, 74%)
presented with undiagnosed osteopenia (45%) or OP
(28%). Low systemic BMD was associated with signs
of increased bone turnover as assessed by serum
bone metabolic markers (OCN, PINP, NTX). Patients
with OP were older and had lower BMI. In addition,
abnormal laboratory results were found in an
unexpectedly high number of patients (n=8, 15%),
requiring preoperative consultation with an
endocrinologist and postponing of the surgery. Five
patients (9%) were diagnosed with secondary OP.
These findings correspond well with those of
Glowacki and co-workers (2003). In their
preoperative analysis of a similar group of 68
postmenopausal women (aged 59-74 yrs) scheduled
for THA, they found occult OP in 25% of the patients.
Also in their study, markers of bone turnover (OCN,
ALP, NTX) were elevated in the osteoporotic patients,
who were older, had lighter weight and higher
number of years since menopause compared to the
hip OA patients with normal BMD.

The co-existence of hip OA and OP is not a new
finding within orthopaedics (Healey et al., 1985, Dorr
et al,, 1990, Karvonen et al,, 1998). Still, the original
idea of an inverse relationship dominated at the time
of initiation of the current project, and there were
little indications supporting screening for decreased
BMD in the general postmenopausal female patient
with hip OA. Several studies have confirmed our
results. In patients with hip or knee OA scheduled for
joint replacement, Breijawi et al (2009) found high
prevalence of osteopenia (43%) and OP (23%) among
the female patients (age 70, 50-83 yrs). Low BMD was
associated with higher age and lower BMIL
Corresponding frequencies (43% osteopenia, 23%
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OP) were found in a population of female and male
(43%) patients with severe hip or knee OA (Lingard
et al, 2010), and in 13 male and 16 female hip OA
patients 38% had osteopenia and 21% had OP
(Domingues et al., 2015). In a population of 214 pre-
and postmenopausal females (age 65+11) with mixed
arthritic etiology 35% were found to have OP (Labuda
etal, 2008).

The current study, together with previous and
more recent studies clearly demonstrate that hip OA
does not protect female patients from OP. On the
contrary, the observed prevalence corresponds to
expected frequency in the general population
according to age and gender, as reported for studies
from Sweden (Kanis and Gluer, 2000), Canada (Sawka
et al, 2006), and for several European countries,
Australia and USA (Sanchez-Riera et al,, 2014, Napoli
etal, 2014).

Vitamin D status

Applying a threshold level of 50 nmol/1 (20 ng/ml) for
serum 25(0OH)D, vitamin D deficiency was found in 19
(36%) of the patients. This is a higher prevalence
compared to the 22% vitamin D deficient reported for
the corresponding patient group in the study by
Glowacki et al (2003). However, in their study a cut-
off level of 37 nmol/l (18 ng/ml) was used. In the
present study, seven patients (13%) had serum
vitamin D levels <37 nmol/l. The lack of established
cut-off levels for defying deficiency/insufficiency
makes comparisons of results between studies
difficult. The 75 nmol/l (30 ng/ml) is a widely used
cut-off for deficiency, and is also the threshold
recommended by the International Osteoporosis
Foundation (Dawson-Hughes et al, 2010). In a
worldwide study of postmenopausal women with OP,
64% had vitamin D lower than 75 nmol/l (30
ng/ml)(Lips et al.,, 2006). In the current study, 77% of
the THA patients had serum vitamin D below 75
nmol/l, which corresponds to the frequency reported
by Napoli et al (2014). This is a slightly lower
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compared to the 86% reported for postmenopausal
females with hip OA (Breijawi et al,, 2009), and 83%
reported for male and female patients with hip or
knee OA (Domingues et al,, 2015). The mean level of
serum 25(0OH)D in the present study (59+20 nmol/I)
is within the same range (45-55 nmol/l) as seen in
other studies on postmenopausal female OA patients
(Glowacki et al, 2003, Breijawi et al, 2009,
Domingues et al, 2015), general population of
postmenopausal women (Napoli et al, 2014) and
postmenopausal women with OP (Lips et al., 2006).

Serum levels of vitamin D decreases with aging
and ensuring adequate levels is important for
maintaining  optimal  musculoskeletal health,
especially in postmenopausal women where
deficiency can aggravate OP (Rizzoli et al, 2014).
Vitamin D is also important for maintenance of a
functional MSC pool. In the general population low
serum vitamin D correlate with decreasing BMD, and
supplementation reduces bone loss and fracture risk.
This seem not to be the case in postmenopausal
women, where serum 25(0H)D appear independent
of BMD status (Lumachi et al,, 2013). In the present
study, no correlation was found between BMD and
vitamin D status. This finding confirms previous
observations (Glowacki et al., 2003), and is further
supported by similar results in later studies (Breijawi
et al,, 2009, Domingues et al,, 2015, Lumachi et al,
2013). The more homogenous patient populations in
these studies compared to the general population can
explain the lack of correlation, but probably also
reflect the multifactorial nature of OP.

The local bone quality in OA affected hip

In cementless THA, properties of the local bone of the hip and
proximal femur have impact on both immediate and long-term
stability of the femoral component. In this thesis, the
investigated properties of the local bone included standard DXA
measurements of the hip, geometrical shape of the femur, as
well as microarchitectural and biomechanical properties of the
intertrochanteric cancellous bone.

DXA

In the OA affected hips, the projected area and the
BMC of the femoral necks were increased whereas the
BMC at the trochanter was reduced compared to the
contralateral side. No differences were found in the
total hip values, nor were there any differences in
BMD in any of the regions (femoral neck, trochanter,
total hip) compared to the contralateral side. This is
in line with other DXA studies indicating that hip OA
is associated with changes predominantly at the neck
and trochanter of the affected hip, but not necessarily
at total hip, contralateral hip or remote skeletal sites
(Arokoski et al., 20024, Sandini et al,, 2005, Wolf et al.,
2009, Glowacki et al., 2010). Although we did not see
a difference in BMD, increased femoral neck but not
total hip BMD compared to the contralateral hip have
been reported for patients with unilateral hip OA

(Arokoski et al, 2002, Glowacki et al, 2010). In
contrast to several other reports, Wolf et al (2009)
found reduced total hip BMD and BMC of the affected
hip compared to the contralateral side. Compared to
control subjects, total hip BMD seem unaltered in hip
and knee OA patients (Stewart et al,, 1999, Ding et al,,
2010, Arokoski et al, 2002a, Sandini et al,, 2005),
although hip OA seems to be associated with
increased BMD of the femoral neck (Antoniades et al.,
2000, Burger et al, 1996). In a multicenter cohort
study of 5,245 women, increased area of the femoral
neck was associated with developmental stages of hip
OA, and re-distribution of proximal femur bone mass
was observed early in the disease (Javaid et al., 2009).

Whether hip OA is associated with increased hip
BMD has been subject of debate. Aside from the
apparent differences depending on sub regions, a
number of factors influence the BMD measurements.
First, BMD depend on the type of joint changes
present (Antoniades et al., 2000), and changes in DXA
outcome correlate with severity of the OA (Nevitt et
al,, 1995, Bruno et al,, 1999, Arokoski et al,, 2002a).
Further, suboptimal positioning of the hip during DXA
scanning lead to overestimation of BMD (Wolf et al.,
2009). Detection of significant changes vary
depending on the comparison; the contralateral side
or control subjects.

The mechanisms behind DXA measured
changes of the proximal femur in OA patients are
unclear. Local changes can be part of hip OA
pathogenesis affecting both cartilage and adjacent
bone (Nevitt et al, 1995, Antoniades et al,, 2000,
Javaid et al., 2009). It is possible that re-distribution
of BMD in the subregions reflect altered loading
conditions due to decreased weight bearing and
limited range of motion (Burr, 1997, Arokoski et al.,
2002b, Moisio et al.,, 2004). The consequences seem
to be decreased risk of femoral neck fractures
(Dequeker and Johnell, 1993), which partly explains
the idea of inverse relationship between hip OA and
OP, and increased risk of trochanteric fractures
(Middleton and Ferris, 1996, Calderazzi et al,, 2014).
Another consequence of increased femoral neck BMD
in hip OA is the general overestimation of systemic
bone quality in these patients (Glowacki et al., 2010).

MICOARCHITECTURE

The quality of the intertrochanteric cancellous bone
varied widely among the patients. Decrease in
biomechanical properties and trabecular thickness
correlated with increasing age. This is in line with
well-known age-related changes in cancellous bone
structure (Djuric et al, 2010, Gabet and Bab, 2011)
and mechanical properties (Tjhia et al.,, 2012).

The trabecular microstructure vary
considerably between skeletal sites, but also within
skeletal sites, especially at sites subjected to large
load-bearing (Parkinson and Fazzalari, 2013). In
addition, age-related changes in cancellous bone
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structure are gender- and site-dependent (Djuric et
al, 2010, Shanbhogue et al, 2016). This makes
comparisons to previous reports difficult, since most
studies have focused on changes in cancellous bone in
femoral head, femoral neck, iliac crest or vertebral
bodies. Data available on changes in cancellous bone
microarchitecture in the proximal femur is limited.

Despite variability depending on age, gender
and skeletal site, reduction in trabecular number with
subsequent loss of connectivity are the most distinct
age-related changes in cancellous bone (Gabet and
Bab, 2011), and seem to be independent of the
skeletal location. In the current study, patients with
low  systemic BMD  displayed decreased
microarchiterctural and biomechanical properties of
their intertrochanteric cancellous bone. In addition to
increase in trabecular pattern factor (Tb.Pf) as a sign
of decreased connectivity, patients with low systemic
BMD also displayed a trend towards decreased bone
volume (BV/TV) and trabecular number (Tb.N), and
increased trabecular separation (Th.Sp). This trend of
different spatial distribution of trabeculae in patients
with low systemic BMD compared to patients with
normal systemic BMD fits well with previous studies
of cancellous bone from femoral head (Li and Aspden,
1997, Ciarelli et al., 2000) and femoral neck (Blain et
al, 2008) indicating loss of bone volume, decreased
trabecular number and loss of connectivity in women
with hip fractures compared to controls and women
with OA. The fact that all patients in the current study
had hip OA makes our results interesting. Most
reports on the subject has compared cancellous bone
microarchitecture between subjects with OA and OP,
and describes differences. Aside from the expected
OA related changes in DXA measured parameters in
the femoral neck and the trochanter, i.e. in the
subregions closest to the affected area, the
intertrochanteric cancellous bone structure seem to
be more affected by the systemic bone health status
than the local OA.

PROXIMAL FEMORAL CANAL GEOMETRY

The shape of the femoral canal was not only age
related but correlated also with the systemic BMD
status. While Dorr type C femurs were only found in
hip OA women with concomitant OP, unaltered Dorr
type A femurs were predominantly found in patients
with normal systemic BMD. Of the 25 patients with
Dorr type B femurs, only 3 had normal systemic BMD,
while most had osteopenia (n=15) and seven had OP.
Considering the well documented changes in cortical
bone tissue in women following aging, menopause
and OP (Vaananen and Harkonen, 1996, Zebaze et al.,
2010) these findings are not surprising. However,
specific research focus on the relationship between
deterioration of the femoral canal shape and OP (and
osteopenia), especially in postmenopausal women
with hip OA, is restricted. Sha et al (2007)
investigated how radiographic measures of the
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proximal femur and Dorr type correlated with occult
OP in postmenopausal women with hip OA, and found
that Dorr classification correlated with DXA
measured T-scores. This corresponds to the findings
in the current thesis study.

Also the CFI followed the systemic BMD status,
with low index (<3) indicating straight stove pipe
shaped femurs only in osteoporotic and osteopenic
patients, and high index (>4.7) corresponding to
tapered shaped femurs only in patients with normal
systemic BMD. In the study by Sah et al (2007), no
correlation was found between T-score and the canal-
to-calcar ratio. One explanation to the discrepancy in
outcomes is that in calculation of canal-to-calcar ratio
the intramedullary width is measured at the fixed
point 10 cm below mid-lower trochanter irrespective
of femoral length, while in CFI calculation
intramedullary width is measured using the femoral
isthmus as an anatomical landmark, accounting for
differences in patient height.

The osteogenic capacity of bone marrow MSCS
from postmenopausal THA patients

The yield of MSCs from THA patients was within the
expected frequencies according to donor age and
profile, as previously reviewed elsewhere (Alm et al,,
2014). Of interest in the context of cementless THA is
the lower number of available bone marrow MSCs in
bone marrow of THA females compared to the
younger reference group, indicating a decreased
reservoir of MSCs. This confirms previous reports on
decreased yield of bone marrow MSCs from female
THA patients compared to younger (Garvin et al,
2007), and male patients (McCann et al,, 2010). The
proliferative capacity and doubling rate varied widely
and were generally low, although within reported
ranges for MSCs from comparable patient groups
(Stenderup et al., 2003).

There were large individual variations in the in
vitro osteogenic differentiation capacity as analyzed
by ALP activity and ALP staining, although MSCs from
all patients did display some degree of differentiation.
In contrast, MSCs from all patients did not display
mineralization. Since the mineralization assay was
repeated with MSCs from these 13 patients at several
occasions and at different passages, the outcome is
truly negative and not related to experimental
differences. Due to the design of the current study the
underlying mechanisms for failed mineralization
were not investigated in further detail. Based on the
established literature, it is not surprising that MSCs
from this patient group displayed low differentiation
and mineralization in vitro. It seems as both OA and
OP have adverse effects on in vitro properties of
human MSCs, although the type and magnitude of
these effects are inconclusive. MSCs isolated from
osteoporotic subjects have shown a decreased in vitro
osteogenic capacity (Rodriguez et al,, 1999, Zhang et
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al, 2009), while the effect of OA on MSCs seems
unaltered in comparison (Murphy et al., 2002, Jones
et al, 2010, Zhang et al,, 2009), although changes in
other properties have been observed (Mwale et al.,
2011, Rollin et al,, 2008, Jiang et al., 2011). Reduced
mineralization has been reported for MSCs from
patients comparable to the current study (Rodriguez
etal,, 1999, Zhang et al., 2009). The current study was
not designed to evaluate the effect of OP and OA on
MSC capacity. Comparisons to MSCs of the reference
group was primarily aimed to ensure that possible
decreased capacity of MSC from THA patients was not
due to suboptimal protocols, and secondarily as an
indication for functionality of MSCs from THA
females. The expansion capacity, osteogenic
differentiation and mineralization properties of MSCs
from the postmenopausal THA females were
approximately 50% compared to MSCs from the
reference group of younger premenopausal females
(mean age 40+16, range 19-60) from our previous
study (Alm et al., 2010).

The primary aim was not to investigate
correlations between MSC  properties and
demographic parameters; rather this was performed
as secondary, post hoc, analyses including all available
MSCs (n=30). Correlations found were not strong, but
yet statistically significant. Our results are in line with
established observations of associations between in
vitro osteogenic differentiation of MSCs and bone
quality parameters of the subjects. MSCs from
patients with higher systemic BMD and higher bone
turnover showed increased osteogenic
differentiation capacity. The correlation of ALP
expression with preoperative T-scores and inverse
correlation with serum vitamin D corresponds to
results by Zhou et al (2012). Their detailed analyses
revealed an increased in vitro response of MSCs from
vitamin D deficient patients to osteogenic culture
conditions, explaining the inverse relationship. In
contrast to their study, we did not find a correlation
between serum PTH levels and osteogenic
differentiation of MSCs, which could be explained by
the higher PTH levels in our study.

8.1.2 An optimized in vitro osteogenic

differentiation assay for human MSCs

Several promising MSC applications would benefit
from an in vitro protocol ensuing terminal
osteoblastic differentiation, independently of donor-
related varieties. With the aim of developing such a
protocol, enhanced differentiation and mineralization
was found when using transient treatment with 100
nM Dex for the first week of induction culture. This
treatment decreased the variability in osteoblastic
characteristics between MSC from different
individuals. Transient treatment with 10 nM Dex was
not as effective as 100 nM.

The initial experiments indicated that presence
of Dex during the first week of induction is critical for
proper osteoblastic differentiation. This is reasonable
since phenotype commitment seem to be determined
early in the culture period (Jaiswal et al, 1997), and
an early report suggested that 7 days
supplementation with Dex is enough for terminal
osteoblastic differentiation (Cheng et al, 1994).
Previous studies support our results on the long-term
stimulatory effects of transient Dex treatment on
osteogenic differentiation (Cheng et al, 1994,
Fromigue et al., 1997, Schecroun and Delloye, 2003).

Controversies regarding the use of Dex for in
vitro differentiation of human MSCs often relates to
adverse effects of long term in vivo use of GCs (Hardy
and Cooper, 2011, Canalis, 2005). In vitro Dex is
known to inhibit cell proliferation (Cheng et al., 1994,
Walsh et al, 2001, Kim et al, 1999). Also in the
current study significantly delayed proliferation was
found with continuous Dex treatments, but in
contrast transiently treated cultures showed
proliferation equal to control cultures. Our results are
in agreement with previous studies (Jaiswal et al.,
1997, Jorgensen et al,, 2004), but in conflict with
results by Cheng et al (1994) who found that both
transient and continuous Dex treatment inhibit
proliferation. The response to Dex depends not only
on the concentration and duration of
supplementation, but on the commitment and
differentiation stage of the cells (Fromigue et al,
1997, Xiao et al, 2010, Hardy and Cooper, 2011),
which can explain some of the discrepancies.

Dex is suggested to inhibit or postpone COL1
(Fromigue et al,, 1997) and reduce OCN production
(Jorgensen et al, 2004). We found positive COL1
staining already at 14 days with transient Dex
treatment. In contrast to earlier proposals (Jorgensen
et al, 2004), OCN was not detected in cultures
without Dex, while transiently Dex-treated cultures
showed uniform and widespread OCN staining. Also
continuously treated cultures were positive for OCN,
which is in line with previous reports (Cheng et al.,
1994, Pei et al,, 2003). The methods applied in our
study did not allow assessing the amount and
distribution of collagenous matrix in different culture
conditions. It is likely that the different morphologies
seen with different Dex treatments influence the
distribution of the collagen matrix, and subsequently
the 3D structure of the mineralized matrix. MSCs
undergo morphological changes upon differentiation,
and the changes in cytoskeletal organization are
critical for osteogenic maturation (Rodriguez et al.,
2004, Mauney and Volloch, 2009). Dex induced
upregulation of transcriptional co-factor FHL2
upregulate COL1 expression (Hamidouche et al,
2008). Further, Dex induced modulation of Runx2
phosphorylation by upregulation of MKP-1 has been
demonstrated to be crucial for expression of OCN and
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mineral deposition (Phillips et al, 2006). These
effects of Dex can be part of the underlying
mechanisms for the different 3D structures, as well as
COL1 and OCN staining patterns observed with
different Dex treatments.

There is a recognized donor-to-donor variation
in human MSCs and even variations between
experiments with cells from the same donor, as
extensively reviewed (Bara et al,, 2014). Both donor
characteristics and the stage of the MSC are known to
affect the response to Dex (Beresford et al, 1993,
Hung et al, 2006, Xiao et al, 2010). If culture
conditions are suboptimal, variations might be
greater due to differences in responsiveness among
heterogenic donor populations. As an important
advantage, the current study demonstrated smaller
inter- and intra-individual variations with transient
Dex treatment. Despite heterogeneity in donor
characteristics (age, hip OA), transient Dex treatment
showed only minor individual variations, whereas
continuous or no Dex treatment resulted in higher
variations. Another crucial observation from the
current study was that despite of age-related
differences in the level of osteoblastic differentiation,
transient treatment with 100 nM Dex provided best
outcome in all age groups. Notably, all donors in this
study were females. However, the effect of gender on
the MSC responsiveness to osteoblastic induction and
Dex seems secondary to age and other demographic
factors (Hung et al, 2006, Siddappa et al, 2007).
Although gender of the donors are not always
specified in previous investigations on Dex-response
in human MSCs, studies addressing the issue have
reported no gender-related difference (Walsh et al,,
2001, Siddappa et al, 2007, Mendes et al, 2004,
Anselme et al,, 2002). Therefore it is reasonable to
assume that transient 100 nM Dex treatment provide
high degree of differentiation and low variation also
with MSC from male donors.

The increased understanding how Dex exerts
osteogenic effects on MSCs has revealed several
mechanisms through which Dex induces and
regulates RUNX2 (Hamidouche et al.,, 2008, Hong et
al,, 2009, Phillips et al,, 2006). These mechanisms can
explain the long-term stimulatory effect of transient
Dex treatment observed in the current study. The
seven day Dex treatment ensured osteogenic
commitment of the MSCs, and once the
transcriptional program is turned on, differentiation
is in progress. These transcriptional actions of Dex
can also explain the decreased variability with
transient treatment, since prolonged
supplementation will target cells at different stages,
accounting for increased variability between donors
and experiments.
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8.1.3 Periprosthetic bone remodeling -

influence of systemic BMD

In Study III, monitoring of periprosthetic bone
remodeling showed only temporary loss of total
periprosthetic BMD during the first 12 months,
followed by recovery. At 24 months, statistically
significant bone loss was seen only in the proximal
Gruen zone 7. Low systemic BMD (osteopenia and
OP) predicted this adverse local remodeling, while
neither local preoperative BMD of the operated hip
nor baseline BMD of Gruen zone 7 were significant
predictors of the process.

The low total periprosthetic bone loss in the
present study, reaching a maximum value of only
3.8% at 6 months followed by recovery approaching
baseline by 2 years, is slightly less than other studies.
The total periprosthetic BMD is reported to decrease
by 5-10% during the first 2 years after cementless
THA (Venesmaa et al, 2001, Wolf et al, 2010,
Lazarinis et al,, 2013, Flatoy et al., 2016), depending
on the femoral stem design, with slow progressive
loss or minimal recovery during the following years
(Panisello et al., 2009b, Aguilar Ezquerra et al., 2016).
The maintenance of periprosthetic bone seen in the
current study most likely reflects the mechanical
characteristics of the femoral stem (ABG II), designed
to re-establish physiological load as far as possible in
order to avoid stress-shielding (van Rietbergen and
Huiskes, 2001, Gracia et al.,, 2010). In previous studies
using the same implant, the 2-year decrease in total
periprosthetic BMD have been 4.1% (Van der Wal et
al, 2006). Although a larger stem size can be
associated with increased periprosthetic bone loss
(Nishii et al.,, 1997, Skoldenberg et al., 2006), this is
not necessarily the case with the ABG II stem. With
larger stems, initial stability can be improved and the
distal bone loss seen with smaller ABG II stems can be
avoided (Van der Wal et al., 2006). Larger stems may
also contribute to prevention of malalignment, which
seems to increase periprosthetic bone loss in ABG II
arthroplasties (Panisello et al.,, 2006).

Major bone loss in the proximal calcar area
(zones 1 and/or 7) is a common feature seen with
both cemented and cementless THA. In the current
study, major bone loss was seen in Gruen zone 7. The
decrease in BMD was 16% at 3 months, 21% at 12
months and 23% at 24 months, which was within the
12 (12 to 31%) and 24 months (14 to 28%) ranges
reported for cementless stems of different designs
(Venesmaa et al,, 2001, Rahmy et al., 2004, Boe et al,,
2011a, Lazarinis et al,, 2013). The bone loss seen in
Gruen zone 7 is somewhat higher compared to other
studies using the same implant (Van der Wal et al,,
2006, van der Wal et al,, 2008, Panisello et al., 2006,
Aguilar Ezquerra et al,, 2016). This can, at least partly,
be explained by differences in patient groups. In
addition to heterogeneous etiology, other studies
include male patients. In addition, our patient group
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growth rates, surface phenotype or trilineage
differentiation potentials. Further, bone grafts from
iliac crest and the medullary canal obtained from
fracture patients (aged 18-53 yrs) displayed similar
transcriptional profile of genes related to bone repair
and formation (Sagi et al.,, 2012). The negative effects
of menopause-related estrogen deficiency on bone
forming cells, especially in the trabecular bone
compartment, might cause a more suboptimal
osteogenic environment in the female bone
surrounding the hip implant. However, since age- and
estrogen deficiency-related effects on MSCs and bone
formation are systemic, it is reasonable to expect
same alterations in iliac crest MSCs. Bone marrow
collected from reaming of the femoral canal during
THA has been proven a reliable source of MSCs
(Churchman et al,, 2013), indicating that the rather
rough treatment of the femoral canal do not
negatively affect the local MSC population. Using
cementless technique one can assume possible
negative effects on the local cellular environment to
be minimal. With cemented THA however, the
thermal effect of bone cement can potentially damage
the local MSCs in the surrounding tissue (Whitehouse
etal, 2014).

THE CLINICAL SIGNIFICANCE

The clinical outcome of the study was good. There
were no additional revisions during follow-up
besides the intraoperative and early postoperative
fractures (4 out of 61). The observed RSA-measured
stem migration (Study V) and DXA-measured
proximal periprosthetic bone loss (Study III) were
not associated with any classical signs of stem
loosening on radiographs during the 2-year follow-
up. Despite a higher magnitude of early stem
subsidence compared to previous studies, this
appears to be part of the settling of the stem and
seems to be within a clinically tolerated range.

The seven patients with RSA-detected unstable
stems at 24 months reported mild or moderate pain
but there were no radiographic indications of stem
failure. One patient who reported extreme pain at 24
months was osteoporotic and had Dorr type A femur.
The femoral stem migrated 2.1 mm in subsidence and
3.4 degrees in rotation during the first 6 months, but
stabilized thereafter. She had however a continuous
periprosthetic bone loss of 25% in zone 1, 18% in
zone 6 and 42% in zone 7 at 24 months, in
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combination with a 14% increase in zone 3. This
indicates suboptimal load transfer, which could be
associated with pain. Another patient had stem
rotation of 8.5 degrees within the first 6 months, and
reported severe and moderate pain at the 3 and 6
months follow-up, respectively. After the stem
stabilized, her subjective outcome scores increased
and at 24 months she reported minimal pain, and
excellent outcome scores (HHS 100, WOMAC 14). A
Harris Hip Score over 80 is considered as successful
outcome. In the main study population, the average
HHS exceeded 80 by 6 months. The off-trial sub-
population had an average HHS above 80 already at 3
months.

In Study VI the magnitude of cumulative stem
subsidence from 3 to 24 months was small both in the
low and high OB-capacity patients (0.7 mm and 0.3
mm, respectively), ranging up to 1 mm in individual
patients, despite the statistical difference between
the two groups. This magnitude of stem subsidence
was not detectable on radiographs or associated with
radiographic signs of loosening, and the functional
recovery of the patients was uneventful. What is the
impact of implant movement at this magnitude? To
put it in perspective, the trabecular thickness of the
intertrochanteric cancellous bone ranged between
0.14 and 0.21 mm in this particular patient group
(Study 1V). Thus, theoretically the observed
migration could have impact on bone tissue that has
grown into the implant surface. As demonstrated by
Jasty and co-workers (1991), failure of fixation in
femoral stems can occur as a result of fatigue
fractures of the bridging trabeculae. However, the low
systemic BMD and decreased OB-capacity of MSCs
seen in our patients seem to be associated with
subclinical stem migration and delayed stabilization,
resembling the clinical event of slow but occurring
fracture healing in OP. This does not diminish the
scientific value of the current results. On the contrary,
the study confirms the biological link of
osseointegration with systemic bone status and MSC
capacity. The results also demonstrates the
sensitivity of the RSA-method to detect subclinical
differences in the osseointegration process. The long-
term clinical significance of the increased proximal
bone loss, early stem migration and delayed
osseointegration in patients with low preoperative
systemic BMD or low OB-capacity of their MSCs has to
be evaluated.
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8.3 DISCUSSION ON METHODS

The main parameters in the studies presented in this thesis were RSA-measured femoral stem migration and in vitro
analyses of MSCs. Facilities, equipment and protocols for RSA and MSC analyses were meticulously set up and

evaluated for the purpose of the current study.

Radiostereometry

RSA is a unique tool for monitoring implant
migration, but the method is criticized for being
technically demanding, expensive and time-
consuming. For reliable outcome, all aspect have to
be followed in great detail and analyses need to be
performed by trained personnel. The set up system
including all required equipment and software is
expensive. Before application in patients, the system
needs to be validated. Prior to the current clinical
study, the applied system was standardized using a
phantom model (Makinen et al, 2004) and the CE-
certified implant was custom-modified together with
the manufacturer in order to assure proper marker
configuration. RSA imaging and analysis were
performed by trained technicians and an experienced
bioengineer, respectively. Data loss due to technical
errors, loss of bone markers, invisible implant
markers or other technical difficulties are common in
RSA studies. In the current study, no RSA data was
lost due to technical reasons, but data from one
patient in the main study and two in the off-trial
group were lost due to absence of bone markers.

The precision values were not as good as
previously reported for the same UMRSA system from
other labs. The short ABGII stem turned out to be
demanding for RSA measurements. However, the
precision values (0.17 mm for Y translation and 1.20
degrees for Y rotation) were closer to previous
studies when the femoral head was used as an
additional marker. The detection limit (limit of
significance) has been applied to identify individual
femoral stems displaying significant migration. For
cementless stems, this is usually reported as number
of stems that has exceeded the detection limit by the
end of follow-up. Based on dichotomy in migration
patterns of cemented cups (Aspenberg et al,, 2008),
we found it relevant to evaluate patients exceeding
the detection limit at each follow-up time-point. This
was applied to identify the time point at which each
patient was found to have a stable (osseointegrated)
stem. These patients are easily missed when only
looking at values of migration. Comparing
osseointegration time-points rather than simply
comparing group means was also useful in evaluating
the impact of systemic BMD and MSC-capacity on
osseointegration. Applying time points of stability
rather than plain numeric values of migration utilizes
another dimension of RSA. In addition, the issue of
data outliers is overcome. Since all stems migrate to
some extent during the first 3 months, a migration
largely dependent on implant design and initial
stability achieved at time of surgery, the 3-24 months
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migration was chosen for investigating the impact of
MSCs capacity, reflecting the period of biological
fixation.

Micro-CT

Micro-CT has become the standard tool to quantify
cancellous bone morphology and microstructure
(Feldkamp et al, 1989, Burghardt et al, 2011,
Boerckel et al, 2014). The good correlation between
biomechanical = compression  properties and
structural micro-CT-measured properties confirm
the soundness of the method. The micro-CT method
has limitations in evaluation of material properties of
bone trabeculae (Fajardo et al, 2009) and it is
possible that the major differences observed in the
tissue density of intertrochanteric cancellous bone,
i.e. in the volumetric density of bone minerals within
bone trabeculae, produced artifacts in conversion of
attenuation values of micro-CT imaging into
equivalent tissue densities.

MSC analyses

Methods applied for bone marrow harvest, isolation,
expansion and functional characterization of MSCs
were modified from standard protocols at the time.
Due to the high number of bone marrow samples in
combination with the pace of recruitment
(two/week), the study design for culture expansion
and characterization assays was planned according to
laboratory and incubator space as well as feasibility
in terms of labor. The study protocol was strictly
followed in order to obtain comparable results from
all patients recruited.

SEEDING DENSITY FOR MSC ISOLATION

The increased MSC yield with low MNC seeding
density in the isolation culturing is in agreement with
earlier reports (Sekiya et al., 2002, Sotiropoulou et al.,
2006). By reducing the seeding density of MNCs with
50%, the number of MSCs obtained was more than
doubled. Several contributing factors favor MSC yield
at low density. The non-MSC fraction have limited
survival in culture but produce soluble factors
affecting the MSCs. Diluting the MNCs further restrict
survival and function of contaminating cells.
Moreover, one of the hallmark characteristics of MSCs
is the ability to generate colonies at low density.
Applying this protocol was crucial for obtaining
sufficient MSCs for characterization assays, since
starting material constituted only 3-5 ml bone
marrow.

IN VITRO OSTEOGENIC DIFFERENTIATION ASSAY
When initiating the project, there was no consistency
in the literature regarding supplementation with
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FIGURE 8.1 Overview of factors infl ing integration of c less femoral stem and their potential interactions. In addition to
well investigated traditional implant-related factors (lower part of figure) a number of patient-related factors (upper part) are generally
recognized as potential determinants, but the impacts of these factors are not well understood. Although MSCs are not the entire story in
osseointegration, they represent the key cell type responsible for proper bone formation and healing, and are known to be affected by a range
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(Flatoy et al, 2016, Camazzola et al, 2009) and
register studies reporting no additional clinical
benefit. This is a concern, since these studies are not
always optimally designed to investigate the benefit
from HA in aged and osteoporotic patients. In the
Swedish (Lazarinis et al, 2011) and the Nordic
(Hailer et al,, 2015) arthroplasty registers both HA-
coated and uncoated cementless stems have 98-99%
10-year survival. With this high success rate, it is
difficult to prove additional beneficial effects of HA.
Randomized clinical trials involve mainly younger
patients with good bone and healing capacity, not
necessitating HA-coating for successful fixation. More
focused studies however demonstrate that HA can
improve both the quality and the rate of fixation
(Luites et al, 2006), even in osteoporotic bone
(Skoldenbergetal., 2011b), in revision (Salemyr et al,,
2008) and in aged patients and patients with Dorr

type C femurs (Kirsh et al,, 2001, Kelly et al., 2007).
These reports encourages the use of HA-coated stems
in patients with compromised bone.

Documentation of cellular and molecular
changes in the bone forming machinery with aging
and menopause, along with increasing understanding
of the different wnt signaling pathways and their
regulations, new targets for drug development are
revealed (Lerner and Ohlsson, 2015), switching focus
from antiresorptive to formation promoting
strategies. These strategies are promising for future
applications in cementless THA to promote proper
osseointegration, especially in aged and osteoporotic
patients. An increasing awareness among health
professionals and patients regarding bone health can
contribute to a generally improved and maintained
bone quality in the aging population.

APPLICATION OF RSA FOR MONITORING OSSEOINTEGRATION OF CEMENTLESS FEMORAL STEMS
Radiostereometric analysis allows for precise quantification of implant migration. It is a unique method for
monitoring any type of implant migration at the sub mm level. What is the significance of RSA application for clinical
practice, and what is the predictive value of RSA-measured migration of cementless femoral stems?

Application of RSA has developed over the last 35
years, with an increasing number of established RSA
research groups around the world. Although the
original application of RSA was to improve early
detection of implant failure (Baldursson et al,, 1979),
the value in arthroplasty research today is in
evaluating new implant designs and for studying the
biology of implant healing, which is much in line with
the original idea of RSA for studying skeletal biology
and development (Aronson et al,, 1977). Two distinct
features of cementless femoral stem osseointegration
have been explained through RSA studies. First, the
main migration seem to take place within the first 3-
6 months when the stem settles, regardless of stem
design (Table 2.3). This can be regarded as part of
normal healing and adaption to the altered
mechanical situation following implant surgery.
Second, continuous migration after 3 months or
beyond can indicate slow or unsuccessful
osseointegration. With model-based RSA techniques
(Kaptein et al, 2003) the expensive process of
regulatory approval and manufacturing of modified
implants for attaching tantalum markers has been
overcome, making RSA screening of new implants
more available.

RSA is not intended as a routine assessment for
clinical follow-up. As for now, assessment of THA
outcome in clinical practice relies on visual
interpretation of conventional radiographs for
identification of radiographic features and the semi-
quantitative radiological scoring according to Engh et
al.  (1990). The relationship between plain
radiographic analysis and RSA-measured migration is
currently unclear. EBRA offers an alternative method
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for measuring stem subsidence from radiographs.
Since it do not require bone or implant markers, it is
applicable to all patients, but accuracy is low and it
does not allow for measuring rotational migration
(Biedermann et al, 1999). Recently, a marker-free
automated CT-based spatial analysis method was
presented as an alternative (Scheerlinck et al., 2016).
Offering 3D migration analysis from CT images with
accuracy and precision comparable to RSA, the
method is attractive since it is applicable in most
patients and can be applied in clinical practice.

It is currently unclear how well RSA can predict
the risk of later loosening of modern cementless
implants. In a recent attempt to clarify the value of
early RSA-measured migration on later implant
failure, van der Voort an co-workers (2015) analyzed
24 RSA studies and confirmed an association between
subsidence and late loosening for cemented stems,
while this could not be detected for cementless stems.
With RSA, femoral stems at high risk of failure can
certainly be identified as presenting with major
migration, but most implants today show only minor
or moderate early migration followed by
stabilization. This is confirmed by an increasing
number of midterm (5-6 years) RSA follow-up
reports (Strom et al., 2003, Wolf et al.,, 2010, Callary
et al,, 2012, Nysted et al, 2014, Weber et al., 2014,
Nebergall et al,, 2016).

Interpreting RSA data has its own pitfalls.
Presenting data as mean (or median) values,
according to the RSA guidelines (Valstar et al., 2005),
is useful when evaluating new implant designs or
investigating the impact of medical intervention on
implant migration. But there is a risk that patients in
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true need of monitoring are missed, and the clinical
relevance of small but statistically significant
differences in mean migration has been questioned
(Aspenberg et al, 2008). Further, since what is
actually measured is the change in stem position
compared to baseline, the true distance of migration
over time gets hidden when mean values are
presented. Analyzing migration patterns at the
individual patient level may reveal subjects with
delayed stabilization and/or deviant migration
patterns, as demonstrated in the current study (Study
V-VI). Migration along the y-axis is usually only in one
direction, i.e., subsidence along the femoral canal, but
as observed in some patients of the current study,
rotation around the y-axis can occur in anteversion
and retroversion at different follow-up intervals,
making the actual distance of migration over time
greater than just the indicated change of stem
position compared to baseline (Figure 8.2). This
indicate distinctly different healing courses in
categories of patients with different biology at the
implantation site (Aspenberg et al, 2008), or in

systemic bone biology (Study III-VI). High-resolution
digital image analysis of autopsy retrieved
radiologically fixed cementless stems have confirmed
a significant inverse relationship between bone-
implant contact and magnitude of interface
micromotion (Mann et al, 2012). By applying
experimentally controlled axial torsional load
representative of gait and stair climbing,
micromotions ranging between 0.3 and 2.6 um were
recorded, whereas motions up to 2.3 mm were
recorded for radiologically loose stem. These
observations support the rationale of applying RSA
detected cessation of micromigration as a sign of
osseointegration, and monitoring of cementless
stems despite yet unidentified cut-off levels. The next
step will be the determination of long-term
performance of cementless stems in osteoporotic
female patients. Repeated RSA studies and functional
evaluation after 5 and 10 years will reveal the impact
of the increased early subsidence and rotation
demonstrated in the current study.
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FIGURE 8.2 Examples of different patterns of RSA measured axial rotation of cementless femoral stems from the current study. The
upper row show axial rotation in three patients displaying different patterns typically reported in RSA studies of cementless stems.
Patient #026 (A) represents no rotational migration, while patient #013 (B) demonstrate the typical pattern of early (3-6 months)
migration followed by stabilization. Patient #030 (C) represents a case of late stabilization, with continued rotational migration up to
12 months. The lower row demonstrate three patients with deviating migration patterns that are easily missed when analyzing group
means or change in stem position compared to baseline. This is particularly evident in patients #040 (D) and #0139 (F). The cumulative
distance of rotation for each patient is indicated in the lower right of the graphs, demonstrating the discrepancy between RSA
measured change in stem position at 24 months compared to baseline and the actual distance of migration. Dotted lines=detection

limits based on precision values.
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healing and osseointegration. The detailed profile and
functional characteristics of MSCs seem to be a
product of their specific environment. This plasticity
is a biological benefit, but a challenge in research.
Although the responsiveness of MSCs to altered
systemic conditions contribute to decreased bone
formation and skeletal health with aging and
menopause, it also means it can be utilized
therapeutically to improve bone health and
osseointegration in aging (and postmenopausal)
patients. As demonstrated in this thesis project
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(Study II and VI) and in our previous study (Alm et
al, 2010) these patients do have the required MSC
reservoir - it may just need boosting for enhanced
osteogenic functionality. Improving the systemic
bone biochemical environment for instance by
ensuring adequate vitamin D levels, possible
monitoring estrogen levels, and if necessary applying
bone formation stimulating drugs, should improve
bone quality and healing capacity in patient groups at
risk of delayed or failed osseointegration.
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9 CONCLUSIONS

As a general conclusion observations made in this study suggest that decreased skeletal health, such as
low systemic BMD and decreased osteogenic properties of bone marrow MSCs, has major influence on
early stability and osseointegration of cementless hip prostheses in female patients. Although the long-
term consequences of the observed stem migration and other clinical implications remain unknown, DXA
screening for low systemic BMD could be used in postmenopausal patients before THA for identifying
patients in need of prophylactic interventions. Based on the results, the following conclusions can be
made:

| Against a general belief, OA does not seem to protect a patient from generalized primary OP. The
majority (74%) of women with hip OA was osteopenic or osteoporotic with signs of increased bone
turnover. In addition, an unexpectedly high number of them required preoperative endocrinology
consultation due to abnormal laboratory findings related to calcium metabolism.

[l In vitro osteogenic differentiation of human bone marrow MSCs can be promoted by transient
supplementation with 100 nM Dex during the first week of induction culturing. With this protocol, it
is possible to produce in vitro functional OBs from bone marrow MSCs of different donor populations
in a fairly reproducible way, with reduced inter- and intraindividual variations.

[ Women with low systemic BMD showed increased periprosthetic bone loss in Gruen zone 7 compared
to patients with normal systemic BMD. The local preoperative BMD of the operated hip did not predict
the bone loss, probably due to the erroneous increase of local BMD in the femoral necks of
osteoarthritic hips. The anatomically designed femoral stem preserved a close to normal
periprosthetic BMD in women with normal BMD.

Vv The quality of intertrochanteric cancellous bone, quantified by micro-CT and biomechanical testing,
had less influence on RSA measured migration of the anatomically designed cementless femoral stems
than expected.

Low systemic BMD, changes in intraosseous dimensions of the proximal femur and aging adversely
affected initial stem stability and were associated with delayed osseointegration.

VI Postmenopausal women undergoing THA for primary hip OA show large variability in the osteogenic
capacity of their bone marrow MSCs. Decreased in vitro osteogenic properties of MSCs was associated
with increased stem subsidence after the settling period of 3 months, and thereby delayed
osseointegration. The study provides a proof of concept suggesting that in vitro analyses of the
osteogenic properties of autologous MSCs in patients scheduled for orthopaedic surgery can be of
relevance.
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