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1. English summary

The osseointegration (OI) implant system is a highly-specialised treatment option for
transfemoral amputees (TFAs) suffering from complications with the prosthetic
socket. The system comprises a bone-anchored implant (fixture) in the residual femur
connected to the external prosthetic leg via a percutaneous metal rod (abutment). Nu-
merous papers on the subject report better mobility, improved prosthetic use and qual-
ity of life after Ol implant surgery, but also find a high risk of soft tissue infection in
relation to the percutaneous abutment and a risk of implant loosening. Only limited
research has investigated the underlying causes leading to Ol implant removal. Thus,
the overall aim of this thesis was to evaluate the radiographic and biochemical changes
in TFAs with Ol implants using four distinct methods: dual energy x-ray absorptiom-
etry (DXA), radiostereometric analysis (RSA), serum markers of bone turnover/me-
tabolism and microdialysis (MD).

We validated a DXA scan protocol in order to determine the precision of periprosthetic
bone mineral density (BMD) measurements (Study I). We found that ex vivo simulated
hip flexion and rotation affected periprosthetic BMD measurements and that the in
vivo precision was acceptable. We concluded that adhering to the DXA scan protocol
secured limited movement of the amputated leg and reduced the measurement error.

We investigated the BMD in the spine, hips and adjacent to the OI implant as well as
the serum bone turnover markers in a prospective TFA cohort (Study II). Eight out of
20 OI implants (5 fixtures and 3 abutments) were removed during the 30-month fol-
low-up. We found that periprosthetic BMD loss, increase in C-terminal telopeptide of
type I collagen (CTX) and elevated parathyroid hormone (PTH) was associated with
OI implant removal. We concluded that biochemical deficiencies affecting bone me-
tabolism should be corrected before and monitored after OI surgery.

The migration pattern of the OI implants were investigated in a prospective cohort
using model-based RSA (Study III). We found that non-removed OI implants had a
stable fixation, whereas later removed OI implants migrated continuously. Addition-
ally, distal OI implant migration increased the odds of implant removal.

Using both DXA, model-based RSA, serum bone markers and MD, we set out to in-
vestigate the effect of antiresorptive treatment with denosumab compared to placebo
in a randomised controlled design with 30-month follow-up (Study 1V). The inclusion
of new patients ceased after 3 years and only six patients were included in total. We
had to abandon the MD-technique due to methodological difficulties. The results in-
dicated that patients treated with denosumab had less BMD loss adjacent to the im-
plant; however, no positive effect on implant fixation or patient reported outcomes
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were observed. One patient (placebo) had the implant removed after a traumatic inci-
dent, but the other five implants stayed in situ.

There is still much to be learned about the mechanisms leading to Ol implant loosening
after surgery. The results of this thesis find important predictors associated with im-
plant removal, and may inspire further studies towards improved Ol implant survival.

2. Danish summary

OI protesekirurgi er et hgjt specialiseret behandlingstilbud til ldrbensamputerede pa-
tienter, som har problemer med hylsterprotesen. Ol protesesystemet bestar af en knog-
leforankret protese (fixture) og en perkutan metalstang (abutment), som kobles til en
ekstern benprotese via en kliklas. Efter OI protesekirurgi anvender patienterne den
eksterne benprotese hyppigere, har sterre mobilitet og livskvalitet end da de benyttede
hylsterprotesen. Risikoen for bloddelsinfektioner er stor seerligt omkring abutment og
der er rapporteret flere tilfeelde af aseptisk/septisk proteselgsning. De underliggende
mekanismer der forer til Ol protesefjernelse er kun sparsomt belyst. Derfor var det
overordnede formal med afhandlingen at beskrive aendringerne i patienterne radio-
grafisk og biokemisk indtil forsegets afslutning eller OI protesefjernelse. AAndringerne
blev malt ved brug af 4 metoder: dual energy x-ray absorptiometry (DXA), radioste-
reometrisk analyse (RSA), knoglemarkgrer malt i serum og mikrodialyse (MD).

Vi validerede en DXA skanningsprotokol for at fastsld preecisionen af knoglemineral-
teethedsmdlingerne (BMD) omkring Ol protesen (Studie I). Vi fandt at ex vivo simuleret
hoftefleksion og -rotation eendrede BMD og at in vivo preecisionen var acceptabel. Vi
konkluderede, at skanningsprotokollen sikrede minimal variationen i positionering af
det amputerede ben mellem skanningerne og at maleusikkerheden var lav.

I en prospektiv kohorte mdlte vi BMD i rygsgjlen, i hofterne og omkring OI protesen
samt knoglemarkerer i blodet (Studie II). Otte ud af 20 OI proteser (5 fiksturer og 3
abutments) blev fjernet i lobet af 30 mdneders opfelgning. Vi fandt, at et fald i peripro-
tetisk BMD, en stigning i C-telopeptid af type I kollagen (CTX) og forhgjet parathyreo-
ideahormon (PTH) var associeret med OI protesefjernelse. Vi konkluderede, at knog-
lemarkgrer ber korrigeres for og monitoreres efter Ol protesekirurgi.

I en prospektiv kohorte blev OI protese migrationen undersogt med model-baseret
RSA (studie III). Vi fandt at stabile proteser forblev in situ op til 5 dr efter operationen,
mens at kontinuerlig protese migration ind til 2 &r medferte senere protesefjernelse.
Distal OI protese migration var associeret med tidlig protesefjernelse.
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I et randomiseret klinisk studie blev antiresorptiv behandling (denosumab) sammen-
lignet med placebo og effekten blev malt med DXA, model-baseret RSA, serum knog-
lemarkerer og MD (Studie IV). Inklusionen af nye patienter opherte efter 3 ar da kun
seks patienter var blevet inkluderet. Grundet metodologiske problemer matte vi op-
give MD.

Tendensen var, at tabet i BMD omkring OI protesen efter denosumab behandling var
vaesentligt reduceret ssmmenlignet med placebo. Vi fandt ingen forskel i protesefikse-
ring eller i de patient-rapporterede sporgeskemaer. En patient i placebogruppen fik
fjernet protesen efter et vridtraume.

Der er stadig meget at leere om de mekanismer, som ferer til OI protesefjernelse. Re-
sultaterne i denne afthandling finder vigtige preediktorer, som er forbundet med pro-
tesefjernelse og kan veere en hjeelp for fremtidige studier rettet mod bedre OI protese
overlevelsen.
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3. Introduction

The osseointegration concept

The first observations of osseointegration were made by P-I Branemark in the early
1960s during long-term observations of bone marrow response to implanted screw-
shaped titanium chambers. He discovered that the surrounding bone grew into the
titanium chambers and could not be removed, hence the term osseointegration (1).

It was originally defined as (R Branemark et al., Osseointegration in skeletal recon-
struction and rehabilitation p.22):

“a direct structural and functional connection between ordered living bone and the surface of
a load-carrying implant” (2, 3).

This definition has since been changed to:

“...when there is no progressive relative movement between the implant and the bone with
which it has direct contact” (3).

The growth of bone into titanium provides a direct bone-anchored attachment for dif-
ferent percutaneous devices that are used in a variety of clinical applications. The most
common application of osseointegration (OI) is in the replacement of teeth or the res-
toration of edentulous segments of the mouth (4). More than an estimated 12 million
patients have been treated with osseointegrated dental implants, and studies find an
excellent implant survival of 81% at the 10-year follow-up (5). Bone-anchored implants
have been applied to support the craniofacial prosthesis after the loss of an ear, nose
and/or an eye (3). This is not only for the sake of cosmetic appearance, but also pro-
motes the quality of life and social rehabilitation (6). Conductive hearing loss can be
aided by a bone-anchored titanium screw inserted into the skull (7). The sound per-
ception is gained by a bone-conducting hearing device transmitting vibrations to the
skull and directly to the inner ear.

The most interesting use of Ol implants is found in the field of amputation surgery.
Patients missing a thumb or suffering from a transradial, humeral, or femoral ampu-
tation have been treated with OI implants since the early 1990s (8, 9).

Although osseointegrated implants have been used for several decades in orthopaedic
joint replacement surgery, the use of percutaneous Ol implants for amputees is a
highly-specialised field, and so far, only a few papers regarding the matter have been
published. Hence, this thesis refers to several applied theories on osseointegration,
clinical outcomes and failures that are based upon the experience from joint replace-
ment and dental surgery.
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The osseointegrated implant

The osseointegration (OI) implant for transfemoral amputees (TFA) looks like the
smaller dental implant with the screw-shaped design of the intraosseous fixture and
the skin-penetrating abutment (10) (Figure 1).

During stage 1 (S1) surgery the femoral

canal is reamed and thread cut using a Figure 1: The osseointegration implant

retrograde approach. Then a slightly  Fixture

oversized threaded titanium fixture is | S

screwed into the residual femur until it | | GG — Abutment

is 20 mm countersunk. An autologous

iliac bone graft is used to close the distal

opening of the femoral canal and seal the / - A snap-lock

intramedullary fixture from a non-osse- connects the
prosthetic leg to

ous environment (11). Prophylactic IV

) o o the abutment
dicloxacillin is administered 1 day pre-
and postoperatively. The fixture needs 6

months in an unloaded setting to suffi-

ciently osseointegrate (healing phase)

before the next operation(9, 12)

During stage 2 (S2) surgery, a canal is drilled through the bone graft just big enough
to allow the percutaneous titanium abutment to be connected to the fixture. Major soft
tissue revision is performed, and the skin around the abutment is stripped from soft
tissue and grafted onto the bone end. IV dicloxacillin is administered 1 day prior to
surgery and 10 days postoperatively. After surgery, the patient is immobilised for 10
days allowing the skin to heal onto the bone and to avoid excessive swelling of the soft
tissue (13). The attachment of the abutment makes it is easy to connect the external
prosthetic leg with a snap-lock.

Even though the osseointegration is completed after 6 months a rapid increase in
weight bearing can lead to OI implant loosening as shown by earlier clinical investi-
gation (9). Thus, the patients follow a rehabilitation protocol that includes initial train-
ing with a short prosthesis for 12 weeks and a later training period with a long external
prosthesis. After S2 surgery, gentle exercise is allowed the first 6 weeks, which is fol-
lowed by weight bearing on the OI implant starting at 20 kg and increases by 10
kg/week. Twelve weeks after S2 surgery, the patients commence training with a long
prosthesis and gradually increase weight bearing on the OI implant. Full mobility is
normally achieved 12 months after S1 surgery (9).
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The integral leg prosthesis

Another implant type is the integral
leg prosthesis (ILP) (Eska Orthody-
namics GmbH, Germany), which is

Figure 2: Design iteration of the ILP

markedly different from the OI im-
plant. The intraosseous module is

longer than the threaded titanium fix-
ture and is made of cobalt-chrome-mo-

lybdenum with a coated macro-po-

rous surface. The ILP system consists
of two parts. First, the intraosseous :
component is inserted into the femoral | Design iteration A, B and C (final)

(1) Bone stabilising bracket, (2) Soft tissue inter-

face, (3) Intraosseous module

coupler is attached. The Coupler is con- Adapted from: Juhnke et al, Fifteen years of experience with
the integral-Leg-Prosthesis: Cohort study of artificial limb
attachment system

canal and after 2 months a transdermal

nected to the external leg and full

weight bearing on the implant is al-

lowed after four to six weeks (14), thus full mobility is achieved 4 months after S1 sur-
gery. Since the introduction of the ILP in 1999 it has undergone 3 different design iter-
ations and the surgical procedure has been changed (Figure 2). In the final design, the
bone stabilising bracket and the structured surface on the transdermal coupler are re-
moved and replaced by a smooth polished surface.

The surgical procedure aims to reduce the distal soft tissue thickness to 2 cm instead
of keeping a long soft-tissue-canal around the connector. These changes have proven
to stimulate a rapid soft tissue healing around the percutaneous device and thereby
reduce inflammation and number of infections. The final ILP design has markedly
fewer infections and implant removals than the earlier implant designs (15).

Transfemoral amputees before and after OI surgery

Lower-limb amputees using a socket suspended prosthesis generally report that pain
in the residual limb and/or phantom pain is a reoccurring problem (16, 17). These pa-
tients also experience a variety of problems related to the prosthetic socket; such as
pain due to improper fitting, skin problems (rashes, sores) and back pain (18-20). These
problems tend to reduce daily walking distance and ultimately reduce quality of life
(21). The target population for Ol implant surgery are patients with a unilateral trans-
femoral amputation caused by non-vascular diseases. This group reports that the prob-
lems leading to a reduced quality of life are heat/sweating in the prosthetic socket
(72%), skin problems (62%), inability to walk on uneven terrain (61 %), inability to walk
quickly (59%) and pain (51%). Half of the transfemoral amputees experience pain in
the residual femur, phantom pain, back pain and/or pain in the other leg (22).
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The OI implant system for transfemoral amputees alleviates some of the problems as-
sociated with the socket prosthesis. After successful rehabilitation, the patients display
an improved hip range of motion and better sitting comfort compared with patients
using a prosthetic socket (23). The most important results after OI surgery are in-
creased prosthetic use, improved mobility, and even though pain in the residual limb
remains, the patients report an improved physical quality of life (24, 25). Compared
with the socket prosthesis, the connection between the OI implant and the external
prosthesis yields a better tactile sensory feedback (26). This feedback is called osse-
operception and improves the amputees” perception of the terrain (3).

Bone changes before and after OI surgery

Disuse atrophy

A phenomenon termed disuse atrophy is used to explain the decrease in bone mineral
density (BMD) after amputation (20, 27-30). It is related to reduced weight bearing on
the femoral bone, as most of the weight is transferred to the surrounding soft tissue
and the tuber ischia by the prosthetic socket. Additionally, physical disability is com-
monly followed by a low activity level; the combined effect of reduced weight bearing
and a low activity level causes demineralisation in the residual bone (31, 32).

Osteoporosis

Osteoporosis and osteopenia are conditions of low BMD that increase the fracture risk
(33). It has been known for half a century that lower-limb amputees suffer from
halisteresis in the residual bone and their radiographs show osteoporotic changes,
such as decrease in cortical bone thickness
and bone atrophy (20, 27, 34) (Figure 3).

Dual energy X-ray absorptiometry (DXA) ex-

Figure 3: Coronal CT scan of the
proximal femurs

aminations of the proximal hip on the ampu-
tated side find that BMD is reduced between
28% and 38% after lower limb amputation
(28-30, 35). The level of amputation seems to
be a predictor of BMD loss as patients under-
going a transfemoral amputation lose more
BMD in the hip than patients undergoing
transtibial amputation (29, 30, 35, 36). How-
ever, TFAs have a normal BMD in the spine
and hip on the intact side compared with

non-amputated controls (35). Even though a ir
P (35)- Ev & After transfemoral amputation the resid-
ual femur clearly demonstrates reduced

that the fracture incidence in the residual | cortical thickness and bone atrophy
femoral bone is as low as 3% (37, 38).

low BMD increases the fracture risk, it seems
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Stress shielding around the OI implant
Insertion of an implant leads to periprosthetic bone remodelling due to the new load-
ing conditions imposed by the implant (39). This functional adaption modifies the
shape and structure of the bone and is referred to as Wolff's law (Julius Wolff 1870,
translated by P. Marquet et al. p. 126):

“the law of bone remodelling is the law according to which alterations of the internal architec-
ture clearly observed and following mathematical rules, as well as secondary alterations of the
external form of the bones following the same mathematical Figure 4: Radiographic
rules, occur as a consequence of primary changes in the shape | jmage of an OI implant

T

and stressing or in the stressing of the bones” (40).

In implant surgery, these changes are referred to as
stress shielding and are always related to the bone loss
around the implants (39, 41). The effect of stress shield-
ing can be altered by factors such as implant geometry,
size and stiffness (39, 42, 43). The small cylindric fixture
is made of titanium, which is a metal suitable for osse-
ointegration as it is biologically inert (10), corrosion re-
sistant and the modulus of elasticity is comparable to
bone (44, 45). The comparable modulus of elasticity be-
tween bone and titanium enables a favourable load
sharing relationship that theoretically should minimise
the effect of stress shielding (39). However, osteopo-
rotic bone is subjected to a greater extent of peripros-
thetic BMD loss than normal bone (46-48). Radio-
graphic assessment of the bone adjacent to the OI im-
plants (Integrum AB, Sweden) finds increased poros-
ity, cortical thinning and distal bone resorption after 2

Example of cortical thinning
years (Figure 4). These changes were consistent with | and distal bone resorption

stress shielding and did not affect implant stability (49). | five years after surgery
This is supported by the evidence from finite-element

studies, finding that bone remodelling adjacent to the implant is influenced by the dis-
tribution of stress and strain. These studies suggest that the effect of stress shielding
causes the greatest bone loss in the distal region and lesser loss in the proximal regions
(50-52).

Bone loss and implant loosening

Papers describing the mechanism causing OI implant loosening in amputees are lack-
ing. Thus, a short summary of aseptic loosening in ordinary orthopaedic surgery and
in dental implant surgery is presented to give a preliminary understanding of the
mechanisms. The dental implants were selected because of their similarities to the OI
implant design and because the percutaneous abutment increases the risk of infections.

[8]



The orthopaedic implants are selected due to the many reports on aseptic implant loos-
ening.

Orthopaedic surgery

Aseptic loosening is defined as the mechanical loosening of an implant without signs
of infection and is the major cause of implant revision in joint arthroplasty (53). In the
beginning, particulate debris from cement was believed to play a major role in implant
loosening due to fibrous tissue formation in the bone implant interface. Later, it was
discovered that particle accumulation, especially wear particles from polyethylene
(PE), was strongly associated with implant loosening (54-56).

The activation of macrophages depends partly on the amount of debris and partly on
the size of the debris particles. PE wear particles measure up to 10pm (57), whereas
metal particles are smaller (10-400 nm); thus, the macrophages can store several metal
particles, leading to fewer macrophages being activated (58). Most wear particles are
found in the synovial fluid and spread to the surrounding bone and the bone-implant
interface, whereas metal particles can corrode and disappear (59, 60). The macrophage-
mediated wear particle response results in periprosthetic bone loss, osteolysis and pre-
disposes to aseptic implant loosening.

Dental surgery

In dental implant surgery, loose implants are defined according to the chronological
order of early and late failure. Early (primary) implant failures are caused by an insuf-
ficient osseointegration of the fixture, whereas later (secondary) implant failures hap-
pen due to a breakdown of the established osseointegration. The period defining the
early failures lasts from primary surgery until the abutment is inserted (61).

There is little data on the relationship between secondary dental implant loosening
and particle debris. Likely, the load on the dental implants is less than on the ortho-
paedic joint replacements, reducing the amount of wear particles and hence a minimal
accumulation around the implant. This is supported by the fact that only a few re-
trieval studies have discovered phagocytosed metal particles next to the fixtures; how-
ever, peri-implant bone loss is a common observation (62, 63).

Dental implants have been thoroughly investigated because a substantial marginal
bone loss (MBL) is observed the first year after implantation (4, 64, 65). The MBL refers
to the bone resorption occurring in the apical bone adjacent to the implant, and it is
considered a pathological sign that can lead to implant failure. A MBL <1.5 mm during
the first year and thereafter <0.2 mm during the following years is considered accepta-
ble (4). The dominant theory purports that MBL is caused by periimplantitis induced
by the microorganisms in the oral cavity and that it may lead to a secondary infection
(66). A new theory suggests that MBL is a reaction to the treatment and should be
viewed as state of chronic inflammation due to a foreign body reaction (67). The for-
eign body response may follow two possible routes: a foreign body equilibrium with
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a mild chronic inflammation or an early dis-balance in which bone resorption domi-
nates the bone formation. This theory is supported by the foreign-body giant cells rou-
tinely observed adjacent to dental implants, but more studies in this area are needed
(63, 68, 69).

Infection

A bone infection leads to
Figure 5: The RANKL-RANK-OPG pathway

Foreign body surface = Macrophage Monocyte/macrophage precursor cell

an immune response and
increased osteoclastic ac-
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gery fOI' amputees. How- e TNF-q, IL-1, IL-6 ~
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Bone

RANKL expression is induced in osteoblast and binds to the mem-
. brane-bound receptor RANK on the osteoclast. This promotes acti-
leading to bone loss vation and differentiation of the osteoclast lineage. OPG is pro-
Macrophages are stimu- duced by the osteoblasts and binds to RANKL thereby blocking the
formation of osteoclasts. The activation of macrophages produces
proinflammatory cytokines that potentiate osteoclastogenesis.

The cellular response

lated by the presence of

bacteria, foreign body
surfaces and by the phagocytosis of particles (70, 72). The activation involves a cellular

response comprising a complex signalling network of proinflammatory and osteoclas-
togenic cytokines (73-75). The most important cytokines secreted by the macrophages
are TNF-a, IL-1 and IL-6, which affects the differentiation of macrophage precursors
into osteoclasts (Figure 5) and enhance the RANKL-induced formation of osteoclasts
(76-79). In short, this leads to an accelerated bone resorption adjacent to the implant.
Depending on the resorption rate, elevated levels of bone turnover markers may be
detected in serum samples.

OI implant surgery for transfemoral amputees

Papers to date have not discriminated clearly between early and late OI implant loos-
ening. However, no papers have reported any implant instability immediately after
inserting the abutment. Implant removals typically occurred after the abutment was
inserted and within 2 years, indicating that the primary osseointegration was success-
ful and implant loosening occurred due to a breakdown of the osseointegration.
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Several mechanisms can lead to implant loosening as mentioned earlier. Aseptic loos-
ening as described in orthopaedic research is mainly caused by wear particles, but
since the OI implant lacks a joint this is unlikely the predominant mechanism. The
substantial periprosthetic bone loss adjacent to the OI implant seems to be primarily
caused by stress shielding as described by radiographs and CT finite-element analysis.
However, considering the MBL as osteolytic changes, dental research shows that bone
loss around the implant is caused by microorganisms or a state of chronic inflamma-
tion. There is evidence that the bone canal around the abutment is colonized with bac-
teria, as 27 out of 30 TFAs had a positive sample taken (80).

Thus, the bone changes around the Ol implants are a complex interaction between the
surgically induced trauma, stress shielding, microorganisms, wear particles and
periprosthetic inflammation/foreign body reaction leading to implant loosening.

Complications and implant removals

All published studies to date reporting the number of implant removals and their
causes are shown in Table 1.

Table 1: The number of patients treated and implants removed

. Patients = Implants Cause of
Implant Country el in cohort removed implant removal
Ol implant
(9) Sweden 1990 - 2008 100 20 Unknown
(81) Sweden(OPRA)* 1999 - 2007 51 4 3 aseptic and 1 deep infec-
tion within two years
(12) UK 1997 - 2003 1 5 2 deep infections within

one year
Integral leg prosthesis

2 aseptic, 3 deep infections,
(85) Germany 2003 - 2014 86 8 2 chronic tissue infections
and 1 implant failure

(83) Two-center

study from The 1 aseptic and 2 intramedul-
Netherlands and 2009-2013 86 3 lary breakage of the compo-
Australia nent

*The OPRA cohort is a subpopulation from the first 100 Swedish OI implant patients

The largest OI implant study to date has not reported the cause of implant removals
or the complications. However, the Swedish subpopulation originating from that co-
hort, reports that superficial infections occurred 41 times in 28 patients during a 2-year
follow-up and periprosthetic infections occurred in four patients of which three were
successfully treated with IV antibiotics (81). The German Osseointegration Team re-
ports more than 100 unplanned surgical interventions in 29 patients and the majority
are due to soft tissue infections in patients treated with the early implant design (15).
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The two-center study from the Netherlands and Australia reports 47 low-grade soft
tissue infections in 29 patients during the median 34-month follow-up (82-84). The risk
of fracture may increase after Ol surgery due to increased prosthetic use and mobility.
The OPRA cohort had three ipsilateral hip fractures, the Australian cohort sustained
four periprosthetic fractures and the German cohort counted six hip fractures and one
periprosthetic fracture (81, 84, 85). Most of these infectious complications are resolved
with oral antibiotics, but a substantial number of patients also require IV antibiotics or
surgical debridement of infected soft tissue. Approximately 2/3 of patients treated
with an OI implant can expect an infectious complication during a 3-year follow-up
period (71). Other complications involve breakage of the percutaneous device requir-
ing replacement and redundant distal soft tissue or hypergranulation around the per-
cutaneous device requiring surgical revision.

Bone resorption and antiresorptive therapy
Osteoclasts are recruited via the differentiation of monocytes/macrophages precursor

cells near the bone. The final link in the osteoclastogenesis pathway is the binding of
RANKL to the RANK re-

Figure 6: The effect of denosumab
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resorption (86). This for-
. . . _ ’
mation is especially regu ° o

lated by the osteoblast

production of OPG or nn

RANKL. OPG serves as a Osteoblasts

decoy receptor for Denosumab binds to RANKL and reduces the osteoclast differen-
RANKL and can neutral- | tiation and activity. The proinflammatory cytokines from the
ise both osteoclastogene- macrophages no longer enhances the osteoclastogenesis.

Bone

sis and osteoclast activa-

tion (87, 88). The interaction between osteoblasts and osteoclasts explains the catabolic
effect of continuous elevated PTH concentrations; it suppresses OPG production and
stimulates RANKL production in osteoblasts and thereby increases osteoclast activity
(86, 89). Denosumab is a human monoclonal RANKL antibody and acts like OPG by
inhibiting the recruitment and activation of osteoclasts (Figure 6). The FREEDOM-,
DECIDE- and STAND-trial finds a significant increase in BMD and a reduced fracture
risk after treatment with denosumab compared to placebo and alendronate (90-92).
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Denosumab is used in the treatment of postmenopausal osteoporotic women, bone
metastasis (93) and giant cell tumour of bone (94). Animal studies indicate that anti-
RANKL treatment may improve implant fixation (95) and reduce periprosthetic bone
loss (96). Clinical trials examining the antiresorptive effect around implants after deno-
sumab treatment are lacking. A study on the effect of denosumab compared to placebo
in the treatment of wear-induced periprosthetic osteolysis has recently been initiated

(97).

Biochemical assessment of bone formation and resorption

Bone remodelling and turnover markers

Bone remodelling is a dynamic process of bone formation by the osteoblasts and re-
sorption by the osteoclasts. Most of the organic matrix consists of type-I collagen and
small amounts of osteocalcin, glycoproteins and proteoglycans. The rate of bone re-
modelling can be determined by bone turnover markers (BTMs), which are released
during the formation/degradation of type-I collagen and the mineralisation of bone
(98). Fragments of collagen can be evaluated in samples collected from blood and
urine. Increased concentrations of bone turnover markers are associated with acceler-
ated bone loss, which may lead to a low BMD and an increased fracture risk (99-101).
The osteoclastic degradation of type-I collagen releases C-terminal telopeptide of type
I collagen (CTX) and N-terminal telopeptide of type I collagen (NTX), whereas the os-
teoblastic formation releases N-terminal propeptide of type I procollagen (P1NP) and
C-terminal propeptide of type I procollagen (P1CP) during the synthesis of type-I col-
lagen. Bone-specific alkaline phosphatase (BASP) is associated with osteoblast activity,
whereas osteocalcin (OC) is involved in the mineralisation of bone (98).

An increase in BTMs may also be detected following an increase in parathyroid hor-
mone (PTH) and a decrease in vitamin D concentrations. PTH stimulates bone remod-
elling by direct effect on the osteoblasts and indirect effect on the osteoclast. The out-
come is either anabolic or catabolic depending on the dose and frequency of PTH sig-
nals. Continuous exposure of PTH modulates the osteoblastic lineage and increases
the RANKL production, which is a strong activator of osteoclasts. Intermittent low
doses of PTH results in an anabolic effect by the promotion of osteoblastogenesis (102).

BTMs have proven useful in monitoring the treatment effect of antiresorptive therapy,
metabolic disease or metastatic cancer (103, 104). In orthopaedic surgery, the BTM re-
sponse has been investigated after fracture (105), implant surgery (106) and in aseptic
implant loosening (107-109). BTMs may be useful to detect periprosthetic osteolysis
although no markers have been validated for this purpose (110). Osteolysis leads to an
increase in bone resorption and release of CTX and NTX (111). CTX concentrations are
elevated in animal models with particle-induced osteolysis (112, 113) and in patients
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with a potential unstable fixation of the tibial implant component (107). Similar, serum
and urine CTX and NTX show a trend toward increased concentration in aseptic loos-
ening (108, 109, 114, 115).

Microdialysis

Microdialysis was developed in early 1960s to monitor and quantify the metabolism
in the central nervous system of animals (116). Today, it is used to investigate the phar-
macokinetics of drugs, ischemic changes and the metabolism in a wide range of human
tissues. In the musculoskeletal tissue, microdiaslysis has primarily been used to mon-
itor ischaemic changes in bone and muscle following surgery or fracture (117-120).
However, microdialysis has also been used in range of different purposes, such as de-
termination of the dose-dependent penetration of antibiotics in bone (121-124). Addi-
tionally, type-I collagen synthesis in the peritendinous tissue has been monitored by
sampling the collagen fragments (PICP, ICTP) before and after exercise (125, 126). Bone
resorption may also be monitored with microdialysis, because some fragments are
small enough to diffuse across the 100kDa probe after type-I collagen degradation.

The microdialysis technique consists of a double lumen catheter with a semipermeable
membrane inserted into the target tissue using a minimally invasive procedure. A
pump is used to deliver the perfusion fluid (perfusate) to the probe at a slow and con-
stant flow rate. The probe seeks to reach equilibrium between the solution in the ex-
tracellular space and the perfusate in the catheter across the semipermeable mem-
brane. Hence, the sampling of unbound extracellular molecules occurs as diffusion de-
pending on the concentration gradient. As the probe is continuously flushed it will
never reach a concentration-equilibrium with the extracellular molecules, which is re-
ferred to as the relative recovery (RR). The RR depends on temperature, type of per-
fusate, flow rate, membrane length, pore-size and the molecular size. Thus, if the RR
is not determined the true concentration of extracellular molecules is unknown. Most
studies aim to achieve a maximal recovery, hence a slow flow rate and a long mem-
brane length with an optimal pore-size are needed (127, 128).

Radiographic assessment of bone and implant stability

Dual energy X-ray absorptiometry

The gold standard for measuring BMD is DXA (129). This method uses two low-dose
X-ray beams with different energy levels. The energies are absorbed in bone and soft
tissue; the high and low energies generate different attenuations that are measured
with the DXA detector. Based on these measurements the DXA software can segment
and quantify the mass of the bone, fat and muscle. The DXA system is a well-validated
technique that provides an accurate and precise assessment of the bone and soft tissue.
DXA is mostly used in the diagnosis of osteoporosis and in the assessment of fracture
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risk. The diagnosis is based on the young adult reference population: osteopenia is
diagnosed when the BMD is less than 1 standard deviation below the young adult ref-
erence population (T-score <-1) and osteoporosis when it is less than or equal to -2.5
standard deviations (T-score <-2.5) (130, 131).

In orthopaedic research, DXA scans are predominantly used to measure the peripros-
thetic BMD changes after joint arthroplasty. These changes can be evaluated on radio-
graphs; however, this is an inferior method since bone loss recognition is not repro-
ducible until 70% of the bone is gone (132).

The precision of periprosthetic BMD measurements is acceptable (133-137), but still
lower than the precision of the proximal hip and spine scans. The most common factors
affecting the precision are the patient positioning and the scan analysis (138, 139).

To accurately interpret serial measurements, estimation of the least significant change
(LSC) is recommended, because BMD measurements above the LSC are likely caused
by a true bone loss (138). A common observation after joint replacement is an acceler-
ated bone loss around the implant that stabilises after a few months (106, 140, 141). A
substantial bone resorption is observed around the OI implants on radiographs, but
the amount of bone loss during the unloaded phase and during weight bearing phase
remains to be quantified with DXA.

Radiostereometric analysis

Radiostereometric analysis (RSA) for orthopaedic purposes was developed by Goran
Selvik in 1974 and it is regarded as the gold standard for determining implant migra-
tion (142, 143). The method is based on two simultaneous radiographs of the implant
in relation to a calibration box, thus creating a three-dimensional (3D) coordinate sys-
tem. The 3D system creates two rigid bodies based on the implant and bone position,
thereby allowing a computer to calculate micromotions between the rigid bodies at
follow-up examinations.

The core of RSA is to determine implant migration as it is strongly associated with
implant loosening (144, 145). The system can determine micromotions with high accu-
racy and precision, which makes it possible to conduct investigations with a small
study population (146, 147). Two approaches are used to determine implant micromo-
tion: marker-based and model-based RSA.

Marker-based RSA is based on tantalum beads welded onto the implant and tantalum
beads surgically inserted into the bone adjacent to the implant, thus forming two rigid
bodies (142). In comparison, model-based RSA is a method to determine migration
without tantalum beads attached on the implant, but only via surgically inserted tan-
talum bone markers. This method requires a 3D model of the implant, which is digi-
tally fitted to the implant contours on the radiographs (148, 149). This is handled by
the computer software repeatedly moving the model until it fits the contour of the
actual implant with minimal differences.
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The 3D model can be created from a reversed engineered (RE) model or a CAD model
provided from the implant manufacturer (149). The CAD model differs more from the
actual implant than the RE model; however, the precision is still high and CAD models
have been used in numerous RSA studies (150-152). Marker-based RSA is considered
more precise than model-based RSA, albeit model-based RSA is often preferred as
problems with implant rectification and occluded implant markers are eliminated
(153).

Translations are used to describe implant migration along the axis in an orthogonal
coordinate system. The coordinate system is associated with the anatomical directions;
hence the X-axis describes medial/lateral, the Y-axis describes proximal/distal, and
the Z-axis describes anterior/posterior migration. Positive directions along the X, Y
and Z-axis are medial, proximal and anterior, respectively (154, 155).

Given the predictive power of RSA to detect implant loosening based on the early mi-
gration pattern, it has been recommended to implement RSA as a tool for a stepwise
introduction of new implants on the market. A stepwise introduction consists of three
steps: first preclinical tests followed by large scale tests (multicentre or randomized)
and finally surveillance in registries (156). It has since been proposed to add an inter-
mediary test (2a) and conduct 2-year RSA trials after the preclinical tests (step 1) (157).
A prospective (step 2a) RSA examination of the Ol implant fixation in the OPRA cohort
was conducted and found a stable fixation at 2-year follow-up (n = 40) and at 7-year
follow-up (n = 12). However, randomised trials and multicentre trials (step 2b) are
lacking, as well as surveillance in registries (step 3).
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4. Aim of the thesis

Reports regarding patient mobility, prosthetic use and quality of life after OI implant
surgery in transfemoral amputees is promising. Little is known about the changes in
the bone adjacent to the OI implant or the mechanisms leading to removal of OI im-
plant. The primary research question concerned the association between the peripros-
thetic bone quality, bone remodelling and implant fixation as prognostic factors for
long-term OI implant survival. During the course of this study period, we were sur-
prised by the high number of implant removals and secondary set off to investigate
the differences between removed implants (RI) and non-removed implants (NRI). This
thesis is based on the work of four studies with the following designs and specific
aims:

Study I

Design: A methodological study based on a repeated measurement design, comprising
an ex vivo investigation and an in vivo investigation.

Aim: To determine the feasibility and precision of the clinical DXA scan protocol using
two approaches. First, the change in periprosthetic BMD was examined by simulated
hip flexion and rotation in an ex vivo study. Second, the precision was tested by double
examinations in a clinical study.

Study II

Design: Patients from a consecutive prospective observational cohort with 30-month
follow-up were examined using different methods in Studies II and III.

Aim: To investigate the BMD and BTM changes compared with baseline during the 30-
months follow-up, and investigate whether these changes were different between the
removed and non-removed implants.

Study III

Design: As in Study II

Aim: To examine the migration of Ol implants with RSA and investigate whether there
was a difference in migration between the removed and non-removed implants. Fi-

nally, to examine whether the OI implant migration correlated with preoperative
BMD.

Study IV

Design: A double-blinded randomised clinical controlled trial with 30-months follow-
up.

Aim: To compare the effect of two denosumab injections to saline injections on
periprosthetic BMD, BTM, bone metabolism and implant migration. Furthermore, to
investigate the CTX concentrations in the femoral bone and pelvic bone after first stage

surgery with microdialysis.
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5. Materials & methods

Ethical issues

The work of this thesis was performed in accordance with the ethical principles of the
Helsinki declaration. The investigations conducted in Studies I-III did not require a
formal approval from the Central Denmark Region Committees on Biomedical Re-
search Ethics (inquiry number 135/2016) or the Danish Data Protection Agency (ap-
proval of 2012-28-005) since all examinations were performed according to an estab-
lished quality assurance protocol. Study IV was approved from the Central Denmark
Region Committees on Biomedical Research Ethics (1-10-72-444-12), the Danish Data
Protection Agency (1-16-02-32-13), the Danish Department of Health (2013081593) and
registered at EudraCT (2012-003574-66).

Patients

Study I Table 2: Eligibility criteria
The population consisted of 20 patients al-  Studies II and III

ready enrolled in Studies II-IV. The preci- Inclusion criteria

sion of DXA scans was tested by double-ex- »  Age between 18-70 years

aminations after S2 surgery from 2014 to = BMI<30
2015. = A bone structure suitable for OI

implant surgery

Exclusion criteria

Studies II and III .
] ) = Diabetes
A total of 20 patients were prospectively en- »  Atherosclerosis
rolled in the observational cohort study *  Smoking
from 2010 to 2013 by two senior consultants » Treatment with bisphosphonates,
based on the eligibility criteria presented in NSAID or cytostatic medicine

* Active cancer
* Kidney or liver insufficiency

* Dementia
sented in Table 3. The majority had under- .

Table 2.
The demographic characteristics are pre-

Pregnancy
gone transfemoral amputation due to =  Weight >100kg

trauma (n = 9), tumour (n = 4) and infection

(n = 2), other causes leading to amputation were compartment syndrome, severe pain
after knee-alloplastic surgery and knee arthrodesis.

The patients had blood samples collected and were examined with DXA and RSA. The
follow-up interval between each examination, the number of patients analysed at each
follow-up and the number of removed implants are presented in Table 4.
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Table 3: Patient demographics Studies II and III

OI cohort baseline values

Mean (range)

Gender (M/F)

Mean age at surgery (years)

Mean time since amputation (years)

Mean femur length (cm)

Amputation side (R/L)

L1-L4 spine BMD (g/cm?)
T-score (L1-L4)

Total hip BMD amputated side (g/cm?2)
T-score hip

Total hip BMD intact side (g/cm?)
T-score hip

13/7

48 (30 to 66)

4 (0 to 39)

26.3 (12 to 36)
10/10

1.13 (0.89 to 1.68)
-0.63 (-2.74 to 4.21)
0.69 (0.33 to 1.33)
-2.78 (-5.3 to 2.53)
1.03 (0.78 to 1.44)
-0.26 (-1.94 to 3.44)

Table 4: Number of patients analysed at each follow-up study II and III

Follow-up interval Patients in | Implants Patients analysed
(Months after S1 surgery) | the cohort | removed DXA | Blood samples | RSA
Preoperative (0) 20 20 16

Stage 1 surgery
1 20 16 16
3 20 16 16
6 20 16 15

Stage 2 surgery
7 20 18 16 16
9 20 19 20 15
12 20 19 18 16
18 17 3 16 16 12
24 14 3 14 14 10
30 12 2(3)* 11 11 10
60 9 2

Five fixtures were removed; two at 18-months and three at 24-months follow-up.
Five abutments were removed; one at 18-months, two at 30-months and two before 60-months follow-

up.

*One patient could not use the Ol implant and counted as an implant removal in the analysis.
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Study IV

Six out of 16 planned patients were in-
cluded in this RCT study (Figure 7). Eligi-
bility criteria are presented in Table 5 and
demographics in Table 6. The reasons for
amputation were: tumour (n = 2), trauma
(n =2), infection (n = 1) and thrombosis (n
=1). The inclusion of new patients ceased
in June 2016 since too few patients were
enrolled in the study after three years and
a new biohelix™ coated OI implant was
introduced from the implant manufac-
turer (Integrum AB, Sweden).

Randomisation

The Hospital Pharmacy, Central Den-
mark Region conducted the bloc random-
isations of four groups ina 1:1 ratio to pla-
cebo or denosumab and delivered the test
drug in sealed boxes. To maintain blind-
ing, the test drug was handled by an in-
dependent nurse otherwise not involved
with the project. All personnel were
asked to leave the room before the seal
was broken and the patient was in-
structed not to look at the syringe.

Table 6: Demographics Study IV

Table 5: Eligibility criteria Study IV

Inclusion criteria

= Age between 18-70 years
*  Scheduled for Ol-implant surgery
* Body mass index <30

* Female patients of childbearing age must
produce a negative pregnancy test and
use effective contraception

= Informed consent

Exclusion criteria

= Diabetes with complications
= Atherosclerosis
= Smoking

= Drugabuse

icine

= Active cancer

= Liver or kidney insufficiency

* Dementia

e Hip flexion contracture on the affected
side >10 degrees

* Body weight <100kg

* Hypocalcaemia

=  Contraindications to denosumab

e Treatment with NSAID or cytostatic med-

Baseline values

Mean (range)

Gender (M/F)

Mean age at surgery (years)

Mean time since amputation (years)

Amputation side (R/L)

L1-L4 spine BMD (g/cm?)
T-score (L1-L4)

Total hip BMD amputated side (g/cm?)
T-score hip

Total hip BMD intact side (g/cm?)
T-score hip

6/0

55.5 (36 to 68)

15 (2 to 40)

2/4

1.32 (0.94 to 1.52)
0.9 (-2.4 to 2.6)
0.72 (0.57 to 0.91)
2.4 (-35 to -1.3)
1.02 (0.84 to 1.21)
0.1 (-1.4 to 1.6)
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Figure 7. CONSORT 2010 Flow Diagram study IV
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Administration of test drug

The patients were injected subcutaneously in the shoulder with a syringe containing
1ml of denosumab solution 60 mg/ml (Prolia, Amgen) or 1 ml of saline solution 9
mg/ml (Takeda pharma). The drug was administered twice 6 months apart, 1 month
before S1 surgery and one month before S2 surgery. Daily intake of 800 calcium with

38ug vitamin D was subscribed for 1 year.

Follow-up

The patients are exam- Table 7: Follow-up examinations in Study IV

. . . Follow-up (months) |0 |1 [3 |6 |7 |9 |12 |18 |30
ined according to the in-

cervals wiven m Table 7 PXA X [ X IX |xX [x [x [x [x |x
eljvas'glve.n in Table 7. [pga X 1x Ix 1x 1x
Microdialysis was con-  [gjo0 tests XXX [x x X Ixxx

ducted at S1 surgery.
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Intervention and outcomes

Dual energy X-ray absorptiometry

Ex vivo DXA scan setup - Study I

Two steel fixtures (OI implant, Integrum AB, Sweden) with diameters of 16 mm and
16.5 mm were surgically inserted into two human cadaveric femoral bones. The femurs
were cut through the diaphysis and the proximal parts were reamed and thread cut
with surgical equipment for Ol implant surgery.

Due to anatomical variations, the intramedullary implant position along the femoral
midline differed between the two specimens. In specimen A (male, 43 years), the fix-
ture was inserted laterally to the femoral midline resulting in a thin lateral cortical
bone, whereas the fixture was inserted along the midline in specimen B (female, 98
years). The bones were tightly fixed to a positioning jig (135) that allowed adjustment
of flexion and rotation
within 1°. The ]1g was Figure 8: Ex vivo DXA setup
placed in the middle of 0

L
the densitometer table ) .
and the outlines were
marked to secure the
same position through-
out the experiment. Pilot

scans were conducted to

determine the optimal

soft tissue thickness \

equivalent (5 cm nylon | | ™~

plate, 3 cm acrylic plate) \ -~ c

for the software to detect N7 A; Positioning jig,

the different tissue edges R ] ) B Cadaveric femoml bone,
-~ C; Soft tissue equivalent,

(bone, soft tissue, and ar- D; DXA X-ray arm, E; Start of scan F; DXA scan view.
tefact) correctly. The bone edges are marked with the yellow line and the fixture is

Scans were performed marked as metal artefact (blue). ROI 1 is placed proximal to the
fixture, ROI 2-4 lateral, and ROI 5-7 medial to the fixture.

according to a protocol

with cadaveric femoral

bone positions resembling the movement of the amputated leg (Figure 8). Neutral po-
sition was defined as the femoral bone situated parallel to the densitometer table. Five
scans were repeated in increments of 5° from neutral position to 20° of simulated flex-
ion and to 20° of external rotation.

A 7-region of interest (ROI) template (Figure 8) was designed to measure the BMD
(g/cm?) adjacent to the OI implant. The cadaveric femoral bones were scanned on the
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GE Lunar Prodigy Advance densitometer (General Healthcare, Madison WI, USA) us-
ing the scan mode “ortho hip” with standard settings. The scans started from the distal
part of the fixture and was discontinued three sweeps proximal to the implant. The
scans were acquired in the anterior-posterior (AP) plane with a scan-window 25.2 cm
long and 15 cm wide.

One technician performed all clinical scans and the data was analysed with the en-
CORE 14.10.022 software (General Healthcare, Madison WI).

Clinical DXA double examinations - Study I

Double examinations were performed 2 years (SD 1.4) after second -stage surgery to
determine the precision of the DXA system. The patients (n = 20) had two sets of DXA
scans within a few minutes using the same setup as in Study II. Before the second scan,
the patient was repositioned by either sitting or standing before returning to the supine
position on the densitometer table.
Any difference in BMD between the
first and second scans was assumed to

Figure 9: Edge detection errors.

\ ! A Uncorrected | \ | B Corrected
| ) | \
|\ \ | h
1 \I L ‘I
! |

be caused by measurement error, as
both scans were performed within a
few minutes.

The software uses a dynamic tissue
detection algorithm and identifies
bone, tissue, air and artefact automat-

C Uncorrected D Corrected

ically. In some cases, bone and arte-
fact edges were incorrectly detected
and demanded manual adjustment.
Out of 40 scans (double examina-
tions), 27 scans needed minor manual
corrections of the implant and 21 A o e
scans needed either minor (n =9), in- | (A-B): The typical site for minor artefact correc-

termediate (n = 10), or major (n = 2) tions was'the proximgl part of the implant. (C-D):
A correction of a major bone and a minor artefact

adjustment of the bone (Figure 9). All | | dge detection error.

edge detection errors were corrected

before analysis.

Clinical DXA setup - Studies II, IV

It was no easy task to measure periprosthetic BMD in TFAs. The amputated leg could
not be kept in the same position using a device. This was due to the patients having
different stump lengths, various soft tissue thickness and/or pain after surgery. The
best approach was for each patient to maintain the amputated leg in a still and relaxed
position on the densitometer table. Rice bags were placed around the stump to imitate
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the expected soft tissue volume, to yield support and to avoid air in the scan field. If
individual measures were needed to position the patient, it was documented with a
photo and written in the scan protocol.

Hip scans were conducted with the patient in a relaxed position without a foot brace
rotating the hips inward. Spine scans and total body scans were conducted according
to recommendations (158, 159).

DXA scan acquisition - Studies II, IV

In Study II, scans were acquired with the GE Lunar Prodigy Advance densitometer,
except in one patient who was scanned on the iDXA scanner.
In Study 1V, the GE Healthcare Lunar iDXA densitometer (General Healthcare, Madi-
son WI, USA) was used.

Both instruments had three scan settings that adjusted the X-ray attenuation depend-
ing on the soft tissue thickness of each patient: thin (<13 cm), standard (13-25 cm) and
thick (>25 cm). The scan modes and follow-up intervals are presented in Table 8. Dou-
ble examinations were conducted for all regions. The follow-up analysis was con-
ducted by positioning the ROI on the first scan and copying it to subsequent scans on
the same patient to allow for easier template fitting. All DXA scans were analysed with
the enCORE 14.10.022 software (General Healthcare, Madison WI, USA).

Table 8: DXA scan follow-up examinations in Studies II and IV

Follow-up (months) 0 |1 |3 |6 |7 |9 |12 |18 |24*|30
Hip (total) X [ X [ X | X |[X [X |[X [X |[X*|X
Spine (11-14) X X X |x*|X
Periprosthetic (7-ROI template) X [X [ X [ X | X [X | X |[X*[X

Follow-up interval (in months) after S1-surgery
*No patients are examined in Study IV at 24-month follow-up.
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Analysis of bone turnover - Studies II, IV

Venous blood samples were drawn between 10AM and 15PM in non-fasting patients.
Blood samples were allowed to clot at room temperature for 20 minutes and were cen-
trifuged at 4000 RPM at 4 °C for 10 minutes. Blood serum was distributed in tubes and
stored at —80 °C. All biochemical measurements were conducted as a batch analysis at

the Department of Biochemistry, Aarhus University Hospital.

Blood serum samples were analysed using the following methods: PTH, PINP, CTX,

OC were determined by electrochemiluminescence analysis (Cobas 6000 modul e601,
Roche Diagnostic A/S); vitamin D by high-performance liquid chromatography (API
5500, AB Sciex); Calcium was determined by absorption spectrophotometry; bone spe-
cific alkaline phosphatase by ELISA. The detection limit and precision is displayed in

Table 9.

Table 9: Detection limit, reference interval and precision of blood tests

Blood tests Detection limit | Reference interval* Lower precision | Upper precision
Mean [£2SD |Mean |[*2SD
Ca (mmol/L) 0.31 2.2-2.55 2161 |0.064 3.134 |0.094
Vitamin D (nmol/L) 10 50 - 160 36.2 7.2 121.3 242
BASP (U/L) 1.2 Adjusted* 15 3 68 14
PTH (pmol/L) 0.4 1.6-6.9 2 0.4 10 2.0
PINP (ug/L) 13 Adjusted* 30 2.2 205 15.2
CTX (ug/L) 0.03 Adjusted* 0.26 0.03 0.59 0.06
OC (ug/L) 2 Adjusted* 19 1.1 92 5.5

*The reference interval is adjusted by gender and age.
The precision of each blood test is determined by the laboratory as 2 standard deviations of an up-

per and lower mean.
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Radiostereometric analysis

RSA setup - Studies III, IV

A standardised RSA setup (Figure 10) was used to obtain stereoradiographs of the OI
implant (155). The patients were positioned supine on the X-ray table and two ceiling-
fixed, synchronised roentgen tubes (Acro-Ceil/Medira; Santax Medico; Denmark)
pointed directly towards the OI implant and crossed the centre in a 40° angle of con-
vergence. An unfocussed uniplanar carbon calibration box (Box 24; Medis Specials,
Leiden, the Netherlands) was placed under the patient.

Figure 10: The setup of radiostereometric analysis.

A; The roentgen tubes point directly at the Ol implant.

B; Screen view from the analysis displaying the cage markers (yellow and green), bone markers
(red), and the CAD-fixture model (green model) fitted to the outlines of the implant on the stere-
oradiographs (red lines). The Y-axis (yellow line) is aligned with the model.

The roentgen dose depended on the size of the patient, but the standard setting was
90 kV and 6.3 mAs. A plastic container with 1 litre saline solution was placed under
the abutment to compensate for differences in density on the stereoradiograph. All
stereoradiographs were digitised images (Fuji CR (ST-VIIP), 200 pm pixels pitch).
Due to a hardware upgrade in 2014, the equipment was replaced with an automated
RSA system (Adora RSA; NRT, Denmark) with ceiling-fixed and synchronised roent-
gen tubes (Varian Medical Systems, USA). We continued to use the same RSA setup,
roentgen tube position, patient position, calibration box and exposure setting. The
quality of the images improved as the stereoradiographs were direct digital with better
resolution (Canon CXDI-70C, 125 pm pixel pitch).

During first-stage surgery, 6-10 tantalum beads (sized 1.0 mm) were inserted into the
femoral cortical bone using a bead gun (Wennbergs Finmek AB, Sweden). The beads
were dispersed proximally and distally around the OI implant to achieve the lowest
condition number as possible.
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Eleven CAD models (diameter 16 mm to 23 mm) matching the size of the inserted
fixtures were acquired from the manufacturer (Integrum AB, Sweden). The models
were created using 10,000 triangles to preserve a precise threaded surface of the fixture
and they were implemented into the model-based RSA software by the software pro-
vider (RSAcore, Leiden, the Netherlands).

Follow-up RSA examination - Studies III, IV

Study III: Stereoradiographs were obtained at 7 (1 month after S2 surgery), 9, 12, 18,
24 and 30 months after S1 surgery.

Study IV: Stereoradiographs were obtained at 7, 9, 12, 18 and 30 months after S1 sur-

gery.

RSA double examination - Studies III, IV

Study III: Double examinations were performed 6 months after second -stage surgery
to determine the precision of the model-based RSA system. The same patient (n = 12)
had two sets of stereoradiographs obtained within an interval of a few minutes. Be-
tween the examinations, the patient changed position by either standing or sitting be-
fore returning to the supine position on the X-ray table. The difference between the
two examinations should be close to zero since the OI implant was not expected to
move within such a short period.

Study IV: Four patients had tantalum markers welded onto the OI implant, thus a
comparison between marker-based RSA (gold standard) and model-based RSA was
performed to investigate the difference in clinical precision.

RSA analysis - Studies III, IV

The migration pattern is based on the X, Y, and Z translations and total translations
(TT) of the Ol implant. The Y-axis was placed in the centre of the implant aligned along
the longitudinal direction. A positive motion along the Y-axis specified a proximal im-
plant migration (subsidence). Total translation was calculated using the 3D Pythago-
rean Theorem (TT = VX% + Y2 + Z2).

The same stable bone markers on each stereoradiograph were selected for all follow-
up analyses to avoid loose tantalum beads and to ensure a similar rigid body reference.
The cut-off for stable markers was 0.35 mm (rigid body error).

Study III: The mean rigid body error was 0.14 (range 0.024 to 0.35). Six patients had a
high condition number (CN >120), which resulted in a mean CN = 138.4 (range 37 to
406). High CNs (>120) were accepted as the translations were solely used to estimate
implant migration.

Study IV: The mean rigid body error was 0.14 mm (range 0.03 to 0.32 mm) and the
mean CN was 79.3 (range 39.3 to 113.9).
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One observer analysed all stereoradiographs using the model-based RSA 4.0
(RSAcore, Leiden, the Netherlands) software.

Microdialysis

In vitro setup - Study IV

First, we investigated if CTX and PINP could be detected using microdialysis.
After transfemoral amputation a drain was placed near the surgical wound. The blood
was collected from the drain into a measuring cylinder. The cylinder was placed on a
magnetic stirrer and the blood was slowly stirred during the experiment.

A double lumen catheter (71 High Cut-Off Catheter, MDialysis AB, Sweden), with a
10 mm long semipermeable membrane and 100,000 Dalton cut-off was placed in the
blood. A 107 microdialysis syringe pump was connected to the catheter and delivered
the isotonic perfusate (T1, MDialysis AB, Sweden) at a constant flow rate. The theory
was that the unbound metabolites (CTX and P1NP) would diffuse into the catheter
seeking equilibrium with the perfusate. The dialysate was stored in small vials that
could contain up to 250 pL.

The in vitro experiment lasted 24 hours. The flow rate was set at 2 pl/min and the vials
were collected after 2, 4, 6 and 8 hours. Then, the flow rate was set on 0.5 ul/min and
two additional vials were collected after 16 and 24 hours.

Blood (5 ml) was collected from the cylinder after 8 and 24 hours and centrifuged at
1500 g at 20 °C for 10 minutes. The blood serum and the dialysate were immediately
stored in the freezer (-20 °C) until analysis.

In vivo setup - Study IV

After the fixture was implanted, two microdialysis (MD) catheters were placed under
visual guidance. A 2 cm canal was drilled with a 2 mm drill in the iliac bone crest and
3-5 cm proximally from the fixture in the femoral bone. The catheters were tunnelled
through the skin and carefully placed in the canals. Both MD catheters were fixed to
the soft tissue and to the skin with sutures. The same setup was used (pump, catheter
and perfusate) as in the in vitro study. The flow rate was set to 0.5 pul/min, sampling
started 30 min after insertion and every 8 hours for 3 days. The vials were immediately
stored in a -20°C freezer.

The gold tip at the end of the probe could be visualised on radiographs. Before remov-
ing the MD catheters, the patients had radiographs taken to determine the position of
the gold tip.

Due to problems with displacement of the MD catheters the fixation technique was
improved. After testing the technique on phantom bones and cadavers the following
approach was used: An absorbable bone-anchor size 4/0 with polyester sutures
(Mitek, DePuy Synthes) was inserted in the femoral bone. The MD catheter was pre-
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pared with a small custom-made sleeve, made by fibrillar absorbable hemostat (Sur-
gicel, Ethicon) tied together with small pouch sutures (Vicryl suture rapid 4/0, Ethi-
con). After the MD catheter was placed in the bone canal, the sleeve was tied to the
bone-anchor without disrupting the flow in the catheter.

Sample size
Study I
A sample size was not calculated due to the study design.

Studies II, III
Studies II and III were designed as observational cohort studies and no sample sizes
were calculated a priori.

Study IV

An a priori sample size was calculated. The primary outcome parameter assumed a
two-sided alpha of 0.05, a power of 80% and a 1:1 ratio. We expected that bone mineral
density would increase 0.2 g/cm? (SD = 0.1) in the denosumab group and 0.05 g/cm?

(SD = 0.1) in the control group. Assuming a 10% dropout, a total of 16 patients would
be needed.
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Statistics

Considerations
It was possible to analyse the data from the observational cohort studies in many ways

(160). The repeated measures design allowed us to monitor changes on an individual,
group and/or cohort level at several time points. However, incomplete data due pa-
tients missing follow-up examinations could lead to an unbalanced result (161).

To handle the missing data and keep all patients in the analysis, we used a linear mixed
model. In comparison, a traditional repeated-measures ANOVA would exclude the
entire patient from the analysis if just a single time point was missing (162, 163). The
linear mixed model analysis was based on the entire dataset and allowed for fixed and
random factors. Fixed factors included constant covariates (such as gender) referring
to population, whereas random factors referred to individual variations (162). The
model assumptions were visually evaluated by two methods: First, the residuals were
examined on qq plots, and second, the best linear unbiased predictors (BLUPS) or fit-
ted values of the model were examined on a residuals vs BLUPS plot.

The results were reported as absolute or relative values at specific time points, and
could be calculated as a difference between groups and/or time points.

However, another approach was needed to investigate the change from baseline until
implant removal, since the latter happened at separate time points. The best approach
was to gather the data at the last follow-up examination and create two new groups:
the RI and NRI group. The NRI group was followed until the end of study period. The
results depended on the normality of data and the use of parametric or non-parametric
analyses (164).

To identify predictors possibly related to implant loosening a univariate logistic re-
gression model was used. The independent variables (predictors) were measurements
from the preoperative examination and changes at the last follow-up examination,
whereas RI and NRI was the binary dependent variable. The odds was defined as the
probability of implant removal divided by the probability of non-removal. The odds
of implant removal increased by each unit of change in the predictor variable if odds
ratio (OR) > 1 (164).

Data was analysed using the following approach: Normal distribution was assessed
on qq plots. Parametric data were described as means with standard deviation (SD) or
range (min-max) and tested using a two-sample ¢ test. Non-parametric data were re-
ported as medians with range (min-max) and tested using a ranksum or a Mann Whit-
ney U test. Correlations were examined with a Spearman’s rank test. All statistical
analysis was performed using Stata software 13.1 (STATA corp., TX, USA). A p-value
<0.05 was considered significant.
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Study I
Ex vivo

A log linear mixed model with random effects (in- Figure 11: Precision

dependent) for femoral bones and positions was
used to calculate BMD in each position. The re- RMS SD = i21(SD%)
sults were reported as percent change from neu- m
tral position and the difference between specimen
. L iz1(CV?)
A and B. The coefficient of variation was calcu- | RMS %CV = |==————= |x100
m
lated in neutral and outermost positions to esti-

mate the precision of the ex vivo study. m =Number of patients; SD= Standard
deviation; CV= Coefficient of variation
. A from: Bonnick SL et al. Im-
Clinical study dapted from: Bonnick SL et al. Im
portance of precision in bone density meas-
Normal distribution was evaluated on qq plots. | urements.J Clin Densitom. 2001;4(2):105-10

Short-term BMD precision was calculated accord-

ing to the algorithms described in Figure 11 (165). The LSC was determined by multi-
plying RMS SD or RMS%CV by 2.77 (165). The LSC (with 95% statistical confidence
level) represented the least significant BMD change at follow-up that was statistically
significant.

Study II

A log linear mixed model with random effects for patients (with exponential variance
between time points) was used. The primary outcome was reported as percent change
with 95% confidence interval (CI) compared to baseline values. Changes in total hip
BMD, spine BMD and blood tests were calculated using a preoperative baseline,
whereas changes in periprosthetic BMD were calculated from a postoperative baseline
(1 month after S1 surgery).

The subgroup analysis of the RI and NRI group was performed in a time-series analy-
sis using the log linear mixed model and in a last follow-up analysis using parametric
and non-parametric tests. OR was calculated using the preoperative BTMs and the
change in periprosthetic BMD as predictors to estimate the odds of implant removal
during 3 years of follow-up. Precision of spine and hip BMD was calculated as in Study
L

Study III

Implant migration was analysed with a linear mixed model with random effects for
patients (with exponential variance between time points).

Translations were assessed along the X-, Y- and Z-axis. Total translation (TT) was cal-

culated using the 3D Pythagoras theorem T = vX? +Y2 + Z2.
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The primary outcome was the mean Y translation and TT with 95%ClI. Continuous Y-
migration and TT was defined as the difference in translation between 3 months and
up to 24 months of follow-up.

Implant removal was reported if it occurred during the 60 months of follow-up. The
migration pattern of the RI and NRI groups was calculated in a linear mixed model
time-series analysis and in a last follow-up analysis. OR was used to determine the
predictors of implant removal during 5 years of follow-up using the Y- and total trans-
lations at the last follow-up examinations.

The precision of the model-based RSA system was estimated by double examinations.
The standard deviation represented the precision. The measurement error/precision
limit was expressed as +1.96 x SD according to the RSA ISO standard (155). Implant
migration above the precision limit represented “true” implant migration.

Study IV

The DXA, RSA and blood test data were reported as mean (SD) and analysed using ¢
tests at 18-month follow-up. The outcome values were presented as A difference (Aditf)
with 95%CI between the groups using unadjusted p-values. Due to a limited number
of patients the results should focus on the 95%CI and not the significance level. Only
the allocation letter (A or B) of each group was known during the statistical analysis
and writing of the manuscript.

Precision of marker-based RSA versus model-based RSA
The precision of the systems was presented as the standard deviation and was com-
pared using Levene’s test for equality of variances

Microdialysis

The degree of equilibration between the concentration in the dialysate and in the ex-
tracellular tissue was calculated as:

Relative recovery (RR) = (Cadialysate-Cperfusate) / (Ctissue-Cperfusate) (128).

Cperfusate = Concentration of perfusate, inflow to probe; Caialysate = Concentration of per-
fusate, outflow from probe; Ciissue = Extracellular tissue concentration.
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6. Summary of results

Study I

The ex vivo study

Two cadaveric femoral bones with different thickness of the cortical bone lateral to the
implant were scanned in different positions. A significant change in average

periprosthetic BMD was found in most positions compared to the neutral position
(Figure 12, p < 0.04). Average BMD changed up to 9.9% (p <0.041).

An interaction was observed between the specimens and an effect of changing the bone
position on BMD (p < 0.001). The relative BMD difference between specimen A and B
on the lateral side (ROI 2, 3 and 4) changed up to 27.8% (flexion) and 11% (rotation) (p
<0.001). On the medial side (ROI 5, 6 and 7), the relative difference between the spec-
imens changed up to 5.3% (flexion) and 10% (rotation) (p < 0.036). The precision of the
ex vivo study ranged from 0.31% to 5.93% CV depending on ROL

The in vivo study

Twenty patients were scanned twice to determine the precision of the periprosthetic
BMD measurements. The clinical precision RMS %CV ranged from 3.12% to 6.57%
(Table 10).

Table 10: Precision BMD measurements

ROI Mean BMD* +SD Range (g/cm?) RMSSD RMS%CV LSC-SD LSC%CV
(8/cm?)  (g/cm?) (g/cm?) (g/cm?)
1 1.145 0.570 0.456 2.227 0.031 4.66 0.085 12.91
2 1.181 0.469 0.505 2.027 0.034 3.12 0.093 8.65
3 1.081 0.490 0.210 1.913 0.041 4.58 0.115 12.68
4 0.870 0.608 0.465 1.777 0.040 6.57 0.111 18.21
5 1.302 0.457 0.587 2.041 0.047 4.33 0.129 12.00
6 1.201 0.385 0.412 1.885 0.037 3.88 0.103 10.76
7 1.095 0.356 0.453 1.781 0.043 4.61 0.118 12.77

*Mean bone mineral density from double examinations (x standard deviation, range)
Abbreviation: RMS, root mean square; LSC, least significant change
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Figure 12: Ex vivo periprosthetic BMD changes in the seven regions of interest
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Study II

Periprosthetic BMD changes

No difference in periprosthetic BMD was found between the RI and NRI group in the
time series analysis (Figure 13, p >0.12) or in the last follow-up analysis (p > 0.07).
Compared to baseline, BMD decreased by 26% CI (3;44) to 40% CI (23;54) in the RI
group (Figure 13, p < 0.03), whereas BMD in the NRI group regained baseline values
at 30-month follow-up (Figure 13, p > 0.083).

Changes in bone turnover markers

In the time series analysis, a significant difference was found in the OC concentrations
between the groups at baseline (Figure 14, p = 0.001) and in the CTX concentrations at
18 and 24 months (Figure 14, p < 0.049), whereas no group difference was found in OC
or CTX at the last follow-up analysis (p > 0.15).

Figure 14: BTMs (95%CI) in the RI and NRI group during 30 months of follow-up

I of type | collagen | | C-terminal of type | collagen |

160
1
7

140
1
06

120
1
05

P1INP (pg/L)
60 80 100
1 !
CTX (ug/L)
03 04

02

40

35
(=]
2
g
8
=)
El

[ Bone-specific alkaline

©
o
Q
S
=

30

,/
L,
A

4

BAP (U/L)

30
1
OC (uglt)

20
—
o

20

©— Removed

10

=& Non-removed

Months Months

Significant changes from the preoperative baseline in the removed (RI) group (t) and the non-removed
(NRI) group (1); Significant group difference (*)

[35]



Figure 13: BMD (95%(CI) in the RI and NRI group during 30 months of follow-up
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Changes in bone metabolism

PTH concentrations were higher in the RI group during the first year compared to the
NRI group (Figure 15, p <0.031). In the last follow-up analysis, PTH was 5.8 pmol/L
95%CI (4.6; 7.3) in the RI group and 4.0 pmol/L 95%CI (3.7; 4.5) in the NRI group (p =
0.01). There was no significant group difference in vitamin D concentrations (Figure
15, p > 0.08). There was an association between PTH and the odds of implant removal
(Table 11)

Figure 15: PTH and vitamin D (95%CI) concentrations in the RI and NRI group.
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Precision

The precision of periprosthetic BMD measurements was calculated in Study I. The pre-
cision (RMS %CV) of spine (L1-L4) BMD was 1.2%, the proximal hip (amputated side)
was 2.1% and the intact proximal hip was 1.1%.
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Table 11: Univariate logistic regression determining the OR of implant removal

Predictors OR el Unadjusted
lower upper p-value*

Preoperative data

Age (year) 1.03 |0.95 1.15 0.50
Femur length (cm) 1.11 |0.95 1.30 0.20
Time since amputation (year) 099 10.92 1.07 0.80
PTH (pmol/L) 240 ]0.92 6.29 0.07
Vitamin D (nmol/L) 099 |0.95 1.03 0.63
BASP (ug/L) 1.09 10.90 1.31 0.39
OC (ug/L) 1.09 ]0.98 1.21 0.13
CTX (ug/L)t . . . .
T-score hip amputated leg 0.86 |0.56 1.34 0.52
T-score hip intact leg 0.63 ]0.26 1.52 0.31
T-score spine 0.85 |0.51 1.41 0.52
BMD change}

ROI'1 0.86 |0.18 417 0.85
ROI 2 132 ]0.16 11.06 0.80
ROI 3 0.63 |0.08 4.87 0.66
ROI 4 0.66 |0.08 5.33 0.69
ROI 5 093 ]0.14 6.12 0.94
ROI 6 0.57 10.07 4.60 0.60
RO17 1.64 |0.20 13.23 0.64

* The p-values were not adjusted for multiple comparison; thus, the interpretation should focus on the
95% CI.

T Not possible to calculate OR.

1 Change in BMD from baseline last follow-up examination
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Study III

The migration pattern

The OI implants in the RI group migrated -0.28 mm 95%CI(-0.41; -0.16) along the Y-
axis (Figure 16), which was more distal than -0.01 mm 95%CI(-0.12; 0.11) migration in
the NRI group at 24-month follow-up (p = 0.002).

The RI group (Figure 16) migrated continuously -0.23 mm 95% CI(-0.36; -0.09, p = 0.001)
in Y translations and 0.65 mm 95%CI(0.10; 1.21, p = 0.021) in TT.

Figure 16: Proximal/distal and TT migration pattern in the RI and NRI group
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At the last follow-up analysis, there was no difference between the groups in Y trans-
lations (p = 0.16) or TT (p = 0.76), but the RI group migrated continuously 0.55 mm
95%CI1(-0.03; 1.14, p = 0.009) in TT. The OR of implant removal was 22.5 95%CI (1.6;
314) if the implants migrated distally and 0.04 95%CI (0.01; 0.62) if the implants mi-
grated proximally (p = 0.021).

BMD effect on implant migration

There was no correlation between the OI implant migration (Y- and total translation)
and the T-scores in the hips or lumbar spine (p > 0.45)
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Migration pattern along the Y-axis

The precision measured along the y-axis was SD = 0.06 mm and the precision limit was
0.11 mm. Seven out of nine Ol implants migrating above the y-axis precision limit were
removed (Figure 17).

Figure 17: Individual implant migration pattern
Y-axis migration, mm

Months after S2-surgery

Ol-implants migrating above the precision limit (dashed line) are labelled according to the patient ID
in paper I11.

Precision

Twelve patients were scanned twice in the same day to determine the precision of
model-based RSA (Table 12).

Table 12: Precision of implant migration
Double examination (n=12)

Axis of translation x y z TT*
Mean (mm) 0.06 0.002 -0.06 0.51
SD (mm) 0.20 0.06 0.25 0.28

Precision limit** 0.39 0.11 0.49 0.56
T VXTI T2+ 22
**Precision limit = SDx1.96.
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Study IV

BMD changes

At 18-month follow-up (Figure 18), the mean (SD) change in BMD (ROI 1-7) ranged
from -0.22 (0.1) to 0.155 (0.01) g/cm? in the denosumab group), -0.578 (0.29) to -0.145
(0.29) g/ cm? in the placebo group and the largest difference between groups was 0.59
g/cm? 95%CI(-0.09; 1.28, p = 0.07).

Figure 18: Change in periprosthetic BMD after denosumab or placebo treatment
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The mean (SD) proximal hip BMD of the amputated leg increased by 0.03 g/cm? (0.01)
in the denosumab group, decreased by -0.11 g/cm? (0.05) in the placebo group and the
difference between groups was 0.14 g/cm? 95%CI (0.01; 0.26, p = 0.045) at 18-month
follow-up.

The precision (RMS %CV) of BMD measurements (n = 5) was: 1.6 to 4.1% (ROI'1to 7),
0.7% (spine), 3.6% (proximal hip amputated side) and 1.1% (proximal hip intact side).

Radiostereometric analysis

There was no difference between the mean (SD) -0.32 mm (0.29) distal OI implant mi-
gration along the Y-axis in the denosumab group compared with 0.1 mm (0.08) sub-
sidence in the placebo-group at 18-month follow-up (p = 0.08). The mean (SD) TT was
0.79 mm (0.17) in the denosumab group and 0.54 mm (0.47) in the placebo group at 18-
month follow-up (p = 0.55). (Figure 19).

One patient (id = 6) had a traumatic implant loosening that migrated 1.63 mm in TT
between the last two follow-up examinations

Figure 19: Ol implant Y translation and total translation
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Each curve is labelled with patient id (1-6). Migration patterns after dmab treatment are presented as
a solid line and as dashed line after placebo treatment.
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The precision of model-based and marker-based RSA is presented in Table 13.

Table 13: Precision of marker-based and model based RSA implant migration (n=4)

Marker-based RSA translations (mm)

Marker-based RSA rotations (°)

X Y Z TT* rX rY rZ TR**
Mean | -0.01 -0.02 -0.10 0.11 -0.02 0.13 0.05 0.33
SD 0.03 0.03 0.06 0.06 0.22 0.35t 0.08 0.25t
Model based RSA translations (mm) Model based RSA rotations (°)
X Y Z TT* rX rY rZ TR**
Mean | 0.05 0.00 0.12 0.19 0.35 -2.09 -0.17 2.55
SD 0.09 0.04 0.17 0.11 0.21 1.92t 0.28 1.08t
T T =VXZ+VY2+ 22
T =VrX? +rY% +rZ?

T p<0.05 between the precisions determined around rY and TR

Blood tests

The largest difference between the groups was measured in CTX at 6-month follow-
up: The mean (SD) CTX was 0.1 pg/L (0.07) in the denosumab group and 0.33 pg/L (0.09)

in the placebo group (p = 0.052).
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Microdialysis

In vitro study

CTX could be sampled with
microdialysis, whereas
P1INP could not be detected
in the dialysate. The best
relative recovery (35%) was
achieved with a flow rate
set at 0.5 pl/min. (Table 14)

In vivo study

Table 14: The relative recovery of CTX and PINP

Time Blood serum MD dialysate
Flow-rate

(hours) PINP  |CTX P1NP
2 |2 w/min Wm 0492 | <5.0
4 [2pymin [ 0448 | <50
6 |2u/min W& 0.403 | <5.0
8 |2 u/min 90.03 | 0371 | <5.0
16 |05 ul/min | ww 0.887 | <5.0
24 osuymin| 24 | 9143 | 0828 | <50

Five out of six patients underwent microdi-

alysis during S1 surgery and three patients

had their samples analysed.

Microdialysis was discontinued in the clin-

ical trial due to complications with the

femoral (displacement n = 4, membrane

rupture n = 1) and the pelvic MD catheters

(displacement n = 2).

The femoral CTX concentrations ranged
from 0.07 to 0.17pg/L during the 72-hour
sampling period. The pelvic CTX concen-

trations ranged from 0.38 to 2.48 pg/L

within the first 24 hours and decreased to
0.176 to 0.379 pg/L at 72 hours (Figure 20).
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7. Conclusion

Study I

Knowing the precision of periprosthetic BMD measurements adjacent to the OI im-
plants is essential to interpret clinical results. We found that changing the amputated
leg position even 5° affects the periprosthetic BMD measurements. We proved that the
clinical precision of periprosthetic DXA scans is acceptable (< 6.6%) and that adhering
to the scan protocol causes minimal variations in leg position.

Study II

A drastic periprosthetic BMD loss is observed during the healing period between first-
stage and second-stage surgery. The periprosthetic BMD remains low in implants that
are later removed, whereas BMD returns to baseline values in surviving Ol implants.
An increase in CTX concentrations is measured in implants removed at the 18- and 24-
month follow-up and is possibly related to implant loosening. Elevated PTH concen-
trations are measured in patients with removed implants. Low vitamin D level is
found in one out of three patients.

Our recommendation is that elevated PTH and low vitamin D levels are corrected be-
fore surgery.

Study III

The removed OI implants migrate continuously (TT), whereas the non-removed OI
implants are stable. We found that implant removal can be predicted if the implants
migrated distally. The implant migration does not correlate with bone mineral den-
sity. Model-based RSA proved to be a precise method for monitoring the OI implant
migration.

Study IV

The trend is that denosumab treatment preserves the periprosthetic BMD adjacent to
the Ol implant and in the ipsilateral proximal hip. We find no difference in implant
migration between the denosumab group and the placebo group.

Microdialysis catheters are often displaced due to soft tissue motion in the anatomi-
cal region, but we proved that this method can detect CTX in patients treated with OI

implants.
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8. Discussion of results

Precision

The precision of the DXA and RSA system should be estimated to distinguish between
the measurement error and the “true” effect (138, 155).

Proper patient positioning was one of the most important factors affecting BMD meas-
urements. Therefore, the magnitude of the effect was investigated in an ex vivo study
(Study I). We found that changing the positions of the cadaveric femoral bones even
5° affected the BMD measurements adjacent to the Ol implants significantly. This was
in agreement with tibial cadaver studies showing that simulated flexion and rotation
changed the periprosthetic BMD measurements around the tibial components up to
14.5% (135, 136). An earlier femoral cadaver study found that periprosthetic BMD
measurements around hip stems varied within 5% between 15° of internal and 15° of
external rotation (166). In our study, changing the femoral cadaver positions (20° flex-
ion) affected the average BMD adjacent to the Ol implants up to 9.9%. However, the
cadaveric femoral bones with OI implants interacted differently when changing posi-
tions, which caused up to 28% difference in the periprosthetic BMD relative to the
neutral position. The largest change in relative BMD was measured in the thin lateral
cortical bone due to the inherent imprecision in small bone areas (167). This effect was
also observed in clinical studies examining the BMD in small bone areas adjacent to
acetabular cups, hip resurfacing and hip stem implants (137, 166, 168). These studies
suggested using larger ROIs covering more bone to increase precision; however, de-
tailed information about specific bone areas would be lacking.

In the clinical study, we estimated the precision of each periprosthetic ROI and found
that RMS %CV was <6.6%. No studies have previously determined the precision of
BMD measurements adjacent to OI implants, but %CV has been estimated around nu-
merous hip stems using a similar 7-ROI model (Gruen zones). In these studies, the hip
stem precision ranged from 3.4 to 5.7%CV depending on implant design (48, 169, 170).
The precision was somewhat lower around knee implants than around hip stems with
%CV ranging from 3.7 to 6% (135, 136, 171). Adjacent to the acetabular implant %CV
ranged between 4.5 and 8.4% (168) The reason for the lower precision determined in
periprosthetic bone around Ol implants compared to hip and knee implants is that the
leg was not fixated during DXA scans. However, the precision of BMD measurements
adjacent to the OI implants was acceptable and comparable to the precision estimated
in other implant studies.

In Studies I and IV, the precision of spine and intact proximal hip BMD corresponded
with the precision determined by other fan-beam densitometers. The published preci-
sion of spine (L1-L4) BMD ranged from 1.1 to 1.45 %CV and proximal hip (total) BMD
ranged from 0.67 to 1.0 %CV (138, 172, 173). The amputated proximal hip BMD had a
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lower precision (RMS %CV = 2.1) owing to difficulties in reproducing the same posi-
tion during double examinations (139).

In Studies III and IV, using model-based RSA the highest precision (SD) along the
translational axis was determined along the y-axis (Study III; SD = 0.06 mm, Study IV;
SD = 0.04 mm), which was superior to that determined in hip stems (SD = 0.17) (174)
and similar to knee implants (SD = 0.058) (150).

Preoperative results

BMD

In Study II and IV, the BMD measured in the proximal hip on the amputated leg was
markedly lower than the BMD in the intact hip. The estimated T-score in the hip of the
amputated leg indicated osteopenia/osteoporosis, whereas the T-score in the contra-
lateral hip and spine indicated normal bone. The BMD in the hip of the intact leg and
the spine (L1-L4) were similar to BMD measured in hips and spine (L1-L4) of an age-
and gender-matched European population (175). In study II, the BMD changes meas-
ured after amputation were located in the amputated leg and these results corresponds
those reported in earlier studies concerning the BMD in lower-limb amputees (28-30,
35).

Animal studies reported that osteopenic/osteoporotic bone could delay the osseointe-
gration process (176, 177); however, we were not able to demonstrate a correlation be-
tween the OI implant migration and the preoperative T-scores (hip, spine) in Study
III. Clinical studies reported that a low systemic BMD reduced the initial cup and hip
stem stability (178, 179). Our results may be explained by the fact that OI implant mi-
gration was more affected by infection or aseptic loosening than by a low BMD.
Vitamin D and PTH

In Study II, six patients (30%) had low vitamin D (<50 nmol/L) and three patients had
elevated PTH concentrations (>6.9 pmol/L) before S1 surgery. Only one previous
study described the vitamin D concentrations in lower-limb amputees and found that
an overwhelming number (80%) had vitamin D insufficiency. This result was ex-
plained by the fact that the blood samples were collected during the winter months on
the Northern hemisphere (180). In comparison, a survey of a general adult population
(n = 6784) in Denmark found that 52.2% had low vitamin D (181). Animal studies in-
dicated that vitamin D deficiency impaired the osseointegration process, whereas vit-
amin D supplementation improved implant osseointegration (182-184); however, even
though several patients in Study II had low vitamin D, there was no difference in vit-
amin D concentrations between the NRI group and the RI group.
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Factors associated with implant loosening

BMD

CT finite-element studies suggest that bone remodelling around the OI implants is
caused by stress shielding imposed by the new loading conditions (51, 52). In Study
II, the periprosthetic BMD decreased in all ROIs during the healing phase between S1
and S2 surgery. The changes in BMD were at this point not caused by stress shielding,
since the Ol-implants were not subjected to weight bearing. These changes may partly
be explained by the disuse atrophy described after amputation (20, 27-30); however,
the patients were already amputated and had a low BMD in the residual femur bone.
Consequently, additional catabolic periprosthetic bone remodelling occurred after S1
surgery until the patient commenced weight bearing on the Ol implant. Interestingly,
a similar observation was made around dental implants with the greatest MBL occur-
ring during the healing phase and a lesser amount of MBL after insertion of the abut-
ment (4). We found that periprosthetic BMD in the NRI group returned to the baseline
values at 30-month follow-up, whereas the BMD remained below baseline values in
the RI group. The finding in the RI group was consistent with the excessive BMD loss
found adjacent to clinically loose hip stems (aseptic loosening) previously described
(109). Earlier studies reported that even severe stress shielding adjacent to hip stems
did not cause more adverse events (like aseptic loosening or infection) and did not
affect the clinical outcome (185-188). The logistic regression analysis showed that
periprosthetic BMD changes did not increase the odds of implant loosening. This ra-
ther contradictory result may be explained by the BMD decrease in the RI group being
caused by the osteolytic changes after septic/aseptic loosening and disuse osteoporo-
sis due to pain (189).

CTX

Several studies have investigated the changes in CTX in aseptic implant loosening
(109, 114, 115) as the osteolytic changes may lead to an increase in serum CITX. We
found that the CTX concentrations in the RI group increased at 18- and 24-month fol-
low-up compared with the NRI group. A similar trend was found by two case-control
studies, reporting elevated serum CTX concentrations in patients with aseptic loosen-
ing (109, 115).

PTH

Surprisingly, the preoperative PTH concentrations were higher in the RI group than
in the NRI group and remained elevated during the first year. We found a trend that
the odds of implant loosening increased with elevated PTH concentrations. This asso-
ciation may be explained by continuous exposure of PTH increasing the osteoblastic
RANKL production, which has proven to be a strong activator of osteoclastic bone
resorption (102).

Increased osteoclastic activity and bone resorption around the OI implant would likely
have affected the osseointegration negatively and resulted in early removal of the OI
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implant. Interestingly, intermittent treatment with a daily low-dose recombinant PTH
causes a peak in PTH concentrations that stimulates the osteoblastic activity in humans
and promotes bones formation (190, 191). Animal studies have found that intermittent
PTH treatment improved osseointegration (192); however, the effect of continuous
PTH exposure on osseointegration in humans are lacking.

Implant migration

In Study III, the OI implants migrated continuously in the RI group, whereas the im-
plants in the NRI group were stable. Ryd et al concluded that a continuous migration
>0.2 mm (maximum total point of motion) at any follow-up one year after total knee
arthroplasty could identify implants at risk of revision with a probability of 85% (145).
This was supported by animal studies showing that continuous micromotion (0.15
mm) caused fibrous tissue formation at the bone-implant interface (193). Nebergall et
al. found that in the OPRA cohort the Ol implants were stable after 2, 5 and 7 years.
The proximal/distal OI implant migration pattern in the OPRA cohort was 0.00 mm
95%ClI (-0.53 to 0.13, n = 40) at 24 months (49). This migration pattern was similar to
that of the NRI group in our study -0.01 mm 95%CI(-0.12; 0.11, n = 6) in distal direction
at 24 months. Kérrholm et al. described that the probability of hip stem revision was
greater than 50% if the stem subsided (distal direction) >1.2 mm at 2 years (144). Our
removed Ol implants, however, migrated -0.13 mm 95%CI(-0.25; -0.01) in distal direc-
tion (out of the bone) at the last follow-up examination (in 9 out of 11 removed im-
plants), which was a strong predictor of implant removal (OR=22.5). Seven out of
eleven removed Ol implants migrated above the precision of the RSA system (y-axis
precision limit = 0.11 mm). This supports the current understanding that early implant
migration increases the risk of implant revision (194).

OI implant removals

In Study III, six fixtures (5 infections, 1 trauma) and 4 abutments (pain) out of 17 im-
plants were removed within 5 years of follow-up. This was surprising as we were ex-
pecting similar implant survival as in the OPRA cohort. They reported that the OI im-
plant survival at 2-years follow-up was 92%(81), whereas we experienced a similar
number of implant removals as reported by the Swedish Osseointegration Team dur-
ing the first 4 years. They removed 10 out of 15 OI implants (Integrum AB, Sweden)
due to a learning curve of treatment development, but the cause of implant removal
was not reported (9). The Swedish, Dutch and Australian Osseointegration Teams
thoroughly reported that soft tissue infections around the abutment remained a recur-
ring problem (81, 82, 84). The abutment is made of pure titanium, which has antiinfec-
tious properties (195, 196), but still 90% of bacterial swaps from bone canal adjacent to
the abutment were positive (80). The challenge with the percutaneous abutment was
that it provided a permanent open access to the bone and thereby increased the risk of
an ascending intramedullary infection. During S2 surgery, the tissue thickness around
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the abutment was surgically reduced and the skin was grafted onto the distal bone.
This technique allowed for soft tissue down-growth facing the abutment (197), but
even with a soft-tissue-seal around the abutment, deep infections remain an unre-
solved problem (71). All implant designs attempting to seal off the intramedullary im-
plant and eliminate the infection risk have failed so far (15, 198). However, lower in-
fection risk is observed after reducing the soft tissue thickness around the percutane-
ous abutment, using biomaterials with antiinfectious properties and instructing the
patients to follow a defined wound-hygiene protocol.

Effect of denosumab
In Study IV, patients treated with denosumab showed a trend towards less peripros-

thetic BMD loss than the placebo group. This trend was supported by a significant
BMD increase in the proximal hip of the amputated leg in the denosumab group at 18-
month follow-up. No clinical trials have investigated the effect of denosumab on
periprosthetic BMD; however, several trials have investigated the antiresorptive effect
of bisphosphonates around hip stems. A single dose of pamidronate administered 5
days after total hip surgery reduced the periprosthetic femoral bone loss in the calcar
region compared with placebo, but it did not affect the acetabular cup migration (199).
This effect was matched by a weekly dose of risedronate without affecting the implant
migration or outcome (200). Even a daily low-dose of risedronate reduced the
periprosthetic BMD loss in most ROIs around the hip stems (201). Compared with pla-
cebo, bisphosphonates had only a minor effect on periprosthetic BMD as the relative
difference compared with baseline values ranged from 4 to 8%.

Assuming that the antiresorptive effect of denosumab corresponds to the effect of
bisphosphonates, we found that denosumab may be even more potent as the mean
BMD (SD) relative to baseline ranged from -0.22 (0.1) to 0.16 (0.01) g/cm? (denosumab
group) and -0.58 (0.29) to -0.15 (0.29) g/cm? (placebo group) at 18-month follow-up.
A previous RCT study investigated the migration of tibial components and found that
a daily dose of clodronate reduced prosthetic migration at one-year follow-up (202).
We found no difference in OI implant migration between the groups, which corre-
sponded with the hip stem migration reported in the bisphosphonate trials (200, 203).
The serum CTX concentration was lower in patients receiving denosumab, which was
expected since denosumab reduced the osteoclast activity and type-I collagen degra-
dation (92).

We also wanted to measure the CTX concentration in the bone proximal to the OI im-
plant using microdialysis. Following several attempts and method optimisation we
concluded that this was not possible due to MD catheter displacements; however,
some interesting trends were observed. In the in vitro study, we detected CTX and
found that the RR could be expected to range from 16% to 35% depending on the flow-
rate. A slower flow-rate improved the RR, which corroborates extant knowledge (127,
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128). Another observation was that the CTX concentration in the iliac bone crest
peaked within the first 24 hours after surgery. In comparison, the change in serum
CTX concentrations after sustaining a fracture remained unchanged during the first 3
days and increased during the following months (105, 204).

9. Discussion of methods
The design of the studies

Study I was a repeated measure design and used two cadaveric femoral bones to ex-
amine the effect of changing positions on periprosthetic BMD. If changes in peripros-
thetic BMD could be demonstrated in this ex vivo study, the same problems could likely
occur in the clinical study.

Studies II and III were originally designed as observational cohort studies, but due to
the high numbers of implant removals, the statistical analysis focussed on differences
between the RI and NRI group. The study population was small, but all patients
treated with an OI implant in Denmark were included, which strengthens the gener-
alizability of the results. The Danish cohort represented approximately 15% of all
transfemoral amputated patients treated with an OI implant in the world (based on
the published papers). We acknowledge, that the small sample size may increase the
risk of type-II error; thus, interpretation of the results should focus on the 95% CI (205,
206). These studies were exploratory and the estimates were not adjusted for potential
confounders between the groups for the following reasons: the study design was not
truly comparative, the statistical model would likely fail to produce a sensible result
as the sample size was small (206) and, finally, adjustment of confounding was not
believed to contribute to the conclusions.

We chose to evaluate the predictors of implant removals using a simple univariate
logistic regression model, since implant removal occurred at different time points and
due to different causes. The results were severely limited by the small sample size;
thus, we focused on the trends and the 95% Cls.

Study IV was designed as a Level 1 prospective, randomised study, but only six out
of 16 planned patients were included before the enrolment of new patients ceased. The
same challenges with a small sample size and an increased risk of type-II error per-
tained to this population.
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Dual energy X-ray absorptiometry

The cadaveric femoral bones investigated in Study I differed with regard to age, BMD
and cortical thickness, which represented the differences found around the OI im-
plants in vivo. The average BMD of the femoral bones represented an inaccurate esti-
mation of the BMD change, but provided the best model of interpretation to describe
the overall effect of changing position. Subsequently, we clarified the inaccuracies by
reporting the differences between the cadaveric femoral bones at each position.
(Studies II and IV) It was not possible to evaluate the change in periprosthetic BMD
by comparing the postoperative DXA scans with the preoperative DXA scan. No land-
marks on the preoperative scans could help determine the level of implantation or ROI
location; thus, we used the first scan after S1 surgery as a baseline for all follow-up
examinations. After S2 surgery, we could have used the abutment to lock the position
of the leg and we could thereby possibly have improved the precision of the scans.
However, the greatest variation in leg position occurred between S1 surgery and up to
3 months after S2 surgery due to common post-surgical complications (pain and swell-
ing). Additionally, some patients experienced pain and could not use the abutment
due to septic/aseptic loosening. Therefore, we found that the best approach was to
keep the amputated leg in a relaxed and comfortable position at every follow-up ex-
amination, and the clinical double examinations proved this to be feasible (precision
<6.6%). We calculated the precision for all regions investigated, even though the pre-
cision estimation may be biased by the small population. The actual biological change
around the OI implants must be measured individually by determining if the BMD
change in each ROI exceed the LSC.

Blood tests

Bone markers undergo a circadian rhythm of variation; therefore, blood samples were
drawn during daytime (207). To further minimise this variation, a narrower time win-
dow to collect the blood samples would be needed. However, this was not possible
due to the logistics of the study. The patients were non-fasting for the same reason
(some had a very long transportation time), which may have increased the measured
CTX concentration (111). Vitamin D undergoes seasonal variance resulting in a lower
concentration during winter (208, 209). Additionally, the biochemical vitamin D preci-
sion was low; therefore, this analysis must be interpreted with caution. By conducting
a batch analysis, the individual samples were analysed using the same method on the
same day. This reduces the imprecision caused by inter-assay variation affecting the
results. The BTM concentrations were markedly elevated after surgery, osteolysis and
aseptic loosening; thus, the BTM changes in Studies II and IV were likely to represent
a bone related incident.
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Model-based radiostereometric analysis

It has been recommended that the accuracy of RSA is determined with a method con-
siderably better than that of RSA (155). This could have been performed with a phan-
tom model capable of determining the positions with an error of a few microns; how-
ever, this was not the aim of the thesis. We compared the clinical precision of model-
based RSA to marker-based RSA (gold standard) (153) in Study IV. The estimated pre-
cision using model-based RSA was high; however, as expected the precision of
marker-based RSA was superior along all translational and rotational axes, as it has
been the case with hip and knee implants (150, 174). However, the precision was al-
most the same for marker-based and model-based RSA in Y translations. We reason,
that the y-symmetrical geometric configuration and the detailed surface of the threads
along the CAD-model probably fitted the model more precisely. Yet, this symmetrical
shape was likely the cause for a reduced precision of the rotations about the y-axis
when model-based RSA was used. Due to the high precision of RSA, implant stability
can be assessed with even a small study population (154).

In Study III, patients with high condition numbers (CN >120) were included in the
analysis. Thus, we focused solely on the translations (210).

Microdialysis

The challenge was to avoid displacement of the MD catheter and to estimate the RR. It
was not a simple task to keep the MD catheter fixated in the bone for 3 days because
the patients were mobilised and could move the amputated stump after surgery. A
previous clinical trial experienced similar challenges of MD catheter displacement in
patients mobilised after hip surgery. They reported that 11 out of 35 MD catheters were
displaced during a 3-day follow-up period (119). In Study 1V, six out of ten microdi-
alysis catheters were displaced. We tried to improve the fixation technique with a re-
sorbable bone-anchor and sleeve, but were unsuccessful. All catheters were placed in
the bone under visual guidance during surgery. We did not get daily x-rays to visual-
ise the catheter position, and thus we do not know exactly when the MD catheters were
displaced during the 3-day observation period. This was a bias in the study as we had
no certain valid CTX measurements from the bone.

We estimated the RR in an in vitro experiment before the trial and found the RR was
35% when it was sampled in blood from a surgical drain.

We do not know the RR of each individual MD catheter placed in each of the patients.
However, we used the same MD catheter type and the same setting during surgery
(same size of the bone canals and dead space around the catheters). Thus, it was ac-
ceptable to assume the RR would be same in each catheter even though the true extra-
cellular concentration was unknown.
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10. Perspectives and future research

Future research should focus on improving the knowledge of osseointegration and
how to reduce the risk of implant failure. Based on the results described in this thesis,
there seems to be a need for more research in this area.

1. We need to improve our understanding of the mechanisms involved in the loss
of osseointegration.

2. We need greater knowledge on preoperative prognostic factors predicting the
implant survival.

3. We need to identify more risk factors leading to septic/aseptic loosening.

Further research may benefit from deploying the methods described in this thesis:

As shown in Study II, the changes in BMD, CTX and PTH may be involved in the
process leading to implant loosening. We recommend that a larger study with suffi-
cient power be conducted, and for this a multicentre collaboration will be needed.

In Study III, we demonstrated that model-based RSA can detect implant loosening.
Existing implants should be monitored closely with RSA and a stepwise introduction
of all new implants for transfemoral amputees should be considered because the mech-
anisms leading to implant removal needs further investigation.

In Study IV, we found that denosumab may preserve BMD around the OI implants,
but more patients were needed to reach a definite conclusion. We tried to use a novel
method (microdialysis) to investigate the CTX changes in the bone near the Ol implant,
but had technical challenges. We recommend further investigations with antiresorp-
tive treatment to investigate if preserving BMD around the OI implant positively af-
fects implant migration and survival.

At the Orthopaedic Research Department, we plan to continue our investigation of OI
implants. The six patients in Study IV will be followed for 2.5 years to investigate the
effect of denosumab.

We are currently examining the BMD change around OI implants in upper limb am-
putation in relation to patient performance.

We are currently planning to perform a dynamic RSA investigation to examine the
effect of stress-related inducible displacement during weight bearing on the OI im-
plant.
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Abstract

Introduction and Background: Visual evaluation of bone changes around an osseointegration

(Ol) implant in femoral amputees examined on plain radiographs shows that periprosthetic
bone resorption takes place during the first years after Ol surgery, but the bone mineral den-
sity (BMD) change has not previously been quantified by dual energy X-ray absorptiometry
(DXA). Precision is vital when monitoring BMD changes around implants, and thus the aim of
this study was to evaluate the precision and feasibility of a scan protocol for BMD measure-

ments in proximity of Ol implants.

Methods: The proximal part of two human cadaveric femoral bones (specimens A and B) with
Ol implants were mounted in a positioning jig and DXA scans were repeated 5 times in incre-
ments of 5° from neutral (0°) to 20° flexion and rotation. BMD changes as a result of change
in leg position were evaluated. Repeated patient examinations (n = 20) were conducted in a
clinical setting and the precision error was calculated for each of seven periprosthetic custom

made regions of interest (ROI).

Results: The precision of ex vivo BMD measurements ranged from 0.31to0 5.93% CV depending
on the examined ROI. In all regions, changing positions affected the BMD measurements rel-
ative to the value at neutral position up to 9.9% (p < 0.041). Along the three ROI (ROI 2, 3, and
4) on the lateral side, the relative difference between specimens A and B varied up to 27.8%
(p < 0.001), whereas along the medial side (ROI 5, 6, and 7) the relative difference varied up
to 10% (p < 0.036). The clinical short-term precision root mean square standard deviation
ranged from 0.031 to 0.047 g/cm? and root mean square coefficient of variation ranged from

3.12% to 6.57% depending on ROI.
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Conclusion: Simulated hip flexion or rotation of the femur affected periprosthetic BMD meas-
urements, which stresses the importance of a reproducible set-up during DXA scans in order
to reduce measurement errors caused by positioning variation and to achieve a high precision.
The high clinical, short-term precision indicated that adherence to the scan protocol reduced

measurement error.

Key words

Bone mineral density, Osseointegrated implant, Precision, Transfemoral amputation

Abbreviations

Bone mineral density (BMD); Bone mineral content (BMC); Dual energy X-ray absorptiometry
(DXA); Least significant change (LSC); Osseointegration (Ol); Precision error (PE); Region of
interest (ROI); Root mean square standard deviation (RMS-SD); Transfemoral amputees (TFA);

coefficient of variation (CV).
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Manuscript

The gold standard method for measuring bone mineral density (BMD) is dual energy X-ray
absorptiometry (DXA). This method has proven useful for diagnosing osteoporosis and frac-
ture risk assessment, and for examining BMD changes in serial measurements (1). DXA studies
of transfemoral amputees (TFA) describe a substantial BMD loss in the hip, femoral neck, and
trochanteric zone in the residual bone over time (2-4). A contributing factor is decreasing ac-
tivity and loading on the femoral bone, which leads to disuse atrophy, BMD loss, and eventu-
ally osteopenia/osteoporosis (5). Some TFAs experience problems such as sores, pain, sweat-
ing, or unreliability of the prosthesis being securely suspended while wearing a traditional
prosthetic socket, causing them to abandon or limit their prosthetic use (6). However, these
problems may be alleviated with an osseointegration (Ol) implant (7, 8). The Ol implant sys-
tem does not use a socket-suspended system; instead, it comprises a bone-anchored implant
(fixture) and a percutaneous device (abutment) to mount the external prosthetic leg. This sys-
tem eliminates socket-related problems and increases prosthetic use, joint movement, and
patient mobility (8-10). The operation is a two-stage surgical procedure. During stage 1, the
fixture is inserted into the bone marrow cavity of the residual femur and left for 6months to
osseointegrate. During stage 2, the abutment is inserted into the fixture and the patient com-
mences a 4-6 month rehabilitation program with gradual load on the Ol implant system until
full weight bearing is allowed (8). A fundamental aspect for successful osseointegration and

implant survival is an intimately coupled bone-implant interface.

A radiostereometric study reports that the Ol implant achieves stable fixation in the bone (11).
Yet, at the same time, plain radiographic evaluation reports periprosthetic distal endosteal

bone resorption with thinning and increased porosity of the cortical bone (11, 12). Similar
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studies from generic CT-based finite element models report periprosthetic bone resorption in
the distal residual femur (13). Periprosthetic BMD measurements have been described
around hip and knee implants in studies evaluating strain-adaptive remodeling changes and
investigating BMD relations to implant migration (14-17). To improve Ol implant survival, we
need more knowledge about the association between periprosthetic BMD, osseointegration,
and implant fixation. Analysis of clinical serial BMD measurements, requires that the precision
error (PE) should be calculated in order to judge if observed changes in periprosthetic BMD
are true or merely reflect lack of precision. The PE refers to the ability to reproduce the same
result in an identical setting, since the PE is influenced by the short- and long-term variability
of the scanner, patient positioning, and scan analysis (1). The BMD around Ol implants has
not previously been investigated. The aim of our study was to evaluate the precision and fea-
sibility of a protocol for periprosthetic BMD measurement around Ol implants by simulating
clinically relevant variations in leg position in an ex vivo study, and investigate the short-term

precision by repeated patient examinations in a clinical setting.
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Methodology

Ex vivo study.

Two cadaveric femoral bones were cut through the diaphysis and the proximal parts were
kept for this study. After medullary reaming and thread cutting with surgical equipment for
Ol implant surgery, steel fixtures (Ol implant, Integrum AB, Goteborg) with diameters of 16
mm and 16.5 mm, respectively, were inserted into the femora with intimate cortical contacts,

and afterwards they were wrapped in plastic for hygienic purposes.

In specimen A (male, 43 years), the Ol implant was inserted slightly lateral to the femoral
midline resulting in a thin lateral cortical bone. In specimen B (female, 98 years), the Ol im-

plant was inserted close to the midline (figure 1).

The femoral bones were securely mounted on a positioning jig (figure 2) (18) that permitted
adjustment of flexion and rotation within 1°, and the outline of the jig was marked on the
densitometer table for similar positioning throughout the experiment. The mounted femoral
bones were visually positioned parallel to the densitometer table and perpendicular to the X-
ray beam (neutral position) . Pilot scans with a soft tissue equivalent placed below the femoral
bones were conducted, and optimal thickness was confirmed (5 cm nylon plate and a 3 cm
acrylic plate) for the software to detect the different tissue edges (bone, soft tissue, and arte-
fact) correctly. Scans were repeated 5 times in increments of 5° from neutral anteroposterior
position (0°) to 20° flexion and from neutral (0°) to 20° external rotation, thereby resembling

the possible movement pattern of the residual femur during clinical positioning.
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Clinical Study

The PE was tested in the clinical setting by performing double scans in 20 TFAs with Ol im-
plants. Scans were obtained 2 years (SD 1.4) after second stage surgery at Aarhus University
Hospital between 2014 and 2015. The patients were scanned according to a specified proto-
col, where each patient was positioned in supine position and instructed to keep the residual
limb stationary in relaxed position. Rice bags were then placed around the residual limb to
imitate more soft tissue (since soft tissue was often quite atrophic) to support the leg and to
avoid air in the scan field, since air in the scan field would adversely affect the automatic tissue
recognition by the software and cause incorrect tissue segmentation. Between the repeated
examinations, the patients rose from the scanner bed and were repositioned before the sec-
ond scan. According to Danish law, a formal approval from the Regional Ethical Committee
was not required, as the study was a part of a quality assurance investigation (inquiry number

135/2016). The study was approved by the Danish Data Protection Agency (2012-58-0005).

Scan Acquisition

Scans were acquired with the GE Lunar Prodigy Advance 2005 densitometer and analyzed
with the enCORE 14.10.022 software. Scan mode standard “ortho hip” was used, and scans
were performed in AP-plane, scan-window 25.2 cm long and 15 cm wide, beginning from the
distal part of the osseous fixed prosthesis and were aborted 3 sweeps proximal of the pros-

thesis. One technician performed all clinical scans according to the defined protocol.

Scan Analysis

The enCORE software uses a dynamic tissue detection algorithm and all areas in the scan were

segmented as either bone, tissue, air, artefact (metal), or neutral. The edge of the bone area
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was automatically outlined and the areas marked as artefact were automatically removed
from the densitometry measurement. Based on the bone remodeling around the Ol implant
described on plain radiographs by Nebergall et al. (11), a template of 7 ROl was made for
periprosthetic measurements of BMD (figure 1). The ROl template was applied and positioned
on the first scan, then locked on the outline of bone-edges and saved, and copied to subse-
guent scan on the same patient and cadaveric femoral bones allowing for easier template
fitting. Measures of BMD (g/cm?) were obtained for each ROI and analyses were completed

by one observer.

Scan Quality

It was not a straight forward procedure to perform DXA around the Ol implants in the trans-
femoral amputees. It was not possible to use a general device for maintaining an amputated
leg in the same position during DXA examinations, because some patients had a very short
residual femur and most had pain after surgery, and thus the clinical approach was to place
the femur in a relaxed, comfortable position. If special steps were needed in patient position-
ing, it was documented with a photo and noted in the scan protocol. The software did in some
cases detect the bone and artefact edges incorrectly and demanded manual correction. Out
of 40 scans (repeated examinations), 27 cases needed minor manual adjustment of the im-
plant and 21 cases needed minor (n = 9), intermediate (n = 10), or major (n = 2) adjustment

of the bone (figure 3). All edge detection errors were corrected before analysis.
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Statistical Analysis

Ex vivo study

BMD during flexion and rotation was analyzed with a log linear mixed model with random
effects for femoral bones and positions (the random effects were assumed to be independ-
ent). BMD changes and interactions between the femoral bones at different positions were
analysed in each ROI. The model assumptions were evaluated by visual diagnosis of the resid-
uals and best linear unbiased predictors (BLUPS) or fitted values of the model (qqg plot and
plot of residuals versus BLUPS). Average BMD was presented as percent change from neutral
position and relative BMD (rBMD) as the difference between specimens A and B.
Precision was expressed as a percentage of coefficient of variation (CV) and calculated by di-
viding the standard variation by the mean BMD of repeated measurements and multiplying

by 100. The data handling was supervised by a biostatistician.

Clinical Study

Normal distribution was evaluated on qq plots. Any changes in BMD between serial scans
were assumed to be caused by measurement error, as both scans for each patient were ac-
quired the same day. Short-term BMD precision was defined as root mean square standard
deviation (RMS SD) and root mean square coefficient of variation (RMS CV) in percent for each
ROl and calculated according to the algorithms described by Bonnick et al. (19). The least sig-
nificant change (LSC) that could be measured was determined and LSC percent of CV was cal-
culated by multiplying RMS percent of CV by 2.77 (19, 20). All statistical analyses were carried
out using Stata (v 13.1, StataCorp LP, College Station, TX) and statistical significance was as-

sumed at p < 0.05.
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Results

Ex Vivo Study

In all ROI, the BMDs between the cadaveric femoral bones during flexion or rotation were
significant different (rBMD) (p < 0.001). We found an interaction between the femoral bones
and an effect of changing the femoral bone position on BMD (p < 0.001). The average BMD

(figure 4) changed significantly in most positions compared to neutral position (p < 0.04).

In ROI 1, the average BMD changed up to 3.8% (p < 0.023) and the difference between speci-
mens A and B increased up to 3.4% during flexion and 1.1% during rotation (p < 0.001).
In the lateral ROI (2, 3, and 4), the average BMD decreased by 3.9%, 9.2%, and 9.9%, respec-
tively, during flexion (p < 0.001). The rBMD differences between the femoral bones seemed
to diverge with increasing flexion or rotation. The differences were especially evident when
comparing the thin cortical bone in specimen A to the thick cortical bone in specimen B. The
largest differences between the femoral bones during flexion were 27.8% (ROI 2), 27.7% (ROI
3) and 25.9% (ROI 4). During rotation the largest differences were 10.5% (ROI 2), 11% (ROI 3),

and 10% (ROI 4) (p < 0.001).

Small changes in average BMD of the medial ROIs were seen: 5 changed up to 6.3%, 6 up to
2.3% and 7 up to 2.7%, during flexion and/or rotation (p < 0.041). The largest difference be-
tween specimens A and B in the medial ROI during flexion was 5% (ROl 5), 5.1% (ROI 6), and
5.3% (ROI 7). During rotation, the corresponding changes were 4.8% (ROI 5), 5.4% (ROI 6), and
10% (ROI 7) (p < 0.036). The precision of the repeated measurements in neutral and outer-

most positions ranged from 0.31% to 5.93% CV depending on ROI.

Clinical study
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Twenty TFAs (14 males), mean age 52.3 years (range 35 to 70 years), had DXA examinations
performed twice after second stage Ol surgery. The short-term precision RMS SD ranged from

0.031 to 0.047 g/cm? and RMS as a percent of CV ranged from 3.12% to 6.57% (table 1).

Discussion

The aim of the study was to describe the effect of leg position on BMD changes around Ol
implants in femoral amputees, and to determine the precision error of BMD measurements
in proximity of the Ol implant. The precision of repeated measurements in the ex vivo study
was < 6%, but changing the leg position changed BMD adjacent to the Ol implant up to 9.9%.
The average BMD resulted in an inaccurate estimate of the BMD change, due to the interac-
tion between the femoral bones and changing positions causing up to 28% difference in the
effect of changing positions between specimens A and B in the lateral ROl compared to 10%
in the medial ROI. A contributing factor to this interaction was the lateral implantation of the
fixture in specimen A occurring due to an anatomical variation of the femoral marrow channel,
resulting in a small bone areal for the bone mineral content (BMC) measurement. Engelke et
al. determined that bone areal variation was a strong predictor for BMC imprecision (21),
which may explain why the largest variation in BMD was observed in the three lateral ROl with

a thin cortical bone (small bone areal).

These findings show that care must be taken to position patients alike at every follow-up in
serial examination. The clinical protocol for leg stump positioning was rather simple and easy
for the patient as well as the technician to follow, and proved to have acceptable clinical short-
term precision (< 6.6%). However, in retrospect, it could have been improved with a snap-lock
device to keep the abutment of the Ol implant locked during the examination—similar to the

locking mechanism for the prosthetic leg.
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Measurement of individual changes in periprosthetic BMD in clinical studies necessitates the
use of a method with high precision. The precision error in our study was comparable to other
studies assessing precision of BMD measurements in relation to acetabular, hip, and knee
implants (< 8.4% CV) (18, 22-25). Depending on ROI, the changes in BMD measured in prox-
imity of Ol implants must exceed the LSC; 9% to 18%, in order to identify a true (above the

detection limit) biological BMD change in a longitudinal study.

The limitations of this study are few but important. First, the method only examined the femur
in the anterior-posterior position and was dependent on meticulous patient positioning by
only one technician for precise measurements as described. Second, the analysis was con-
ducted on software developed for a different anatomical region and implant type (ortho-hip),
requiring the software to be tricked into running in automatic mode and avoiding air gaps by
use of tissue-equivalent material. Nonetheless, edge detection errors were present in more
than half of the cases and had to be manually corrected. Third, the number of patients and
scans did not provide the 30° of freedom in the statistical analysis as recommended by the
International Society for Clinical Densitometry to ensure that the precision error and LSC were
accurate and unbiased (1), which may underestimate the calculated precision error (26). Fi-
nally, due to disuse osteopenia/osteoporosis after amputation and before Ol surgery, the
population represented a very heterogeneous group with large between-patient BMD values.
A larger sample size would be preferable, however, all transfemoral amputees with an Ol im-

plant in Denmark were included.

At present, the Ol implant surgical procedure is performed in 10 countries (27-29) and the

validation of our DXA protocol for TFA may be an important step in patient risk assessment.
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In longitudinal studies, detailed information about periprosthetic BMD changes may help lo-
cate regions around the implant which are susceptible to stress shielding (30) and investigate
associations between BMD changes and implant survival in TFAs (31). Using a larger ROI en-
closing a larger bone area may improve precision, but will lack detail (24). Based on the expe-
riences by Nebergall et al. (11), the use of a 7-ROI model is ideal to examine periprosthetic

cortical thinning and endosteal resorption affects BMD.

In conclusion, the ex vivo study demonstrates that changing the leg stump position even 5°
has a significant impact on BMD measurements. Average BMD changed up to 9.9%, and the
relative difference between specimens A and B varied up to 27.8% on the lateral side and up
to 10% on the medial side. The clinical study confirms that the precision of BMD measure-
ments in proximity of the Ol implant using the Lunar Prodigy scanner is acceptable (< 6.6%)
and comparable with other implant precision studies. Adhering to the scan protocol secures
minimal change in leg positioning and ensures that follow-up BMD measurements are com-

parable in a clinical setting with a high precision.
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Figure 1. The Ol implant is marked as metal artefact (blue) due to the density of the metal,
and the yellow line marks the bone edges. (A-B) Anteroposterior scan view of specimen A with
a thin lateral cortical bone and specimen B with thick cortical bone. ROl 1 was placed proximal
to Ol implant, ROI 2-4 lateral, and ROl 5-7 medial to the Ol implant. (C-D) Scan views from the
clinical setting showing patients with thin and thick cortical bones.

Abbr: ROI, Regions of interest
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Figure 2. Ex vivo DXA setup

(A) Positioning jig (B) Cadaveric femoral bone (C) Soft tissue equivalent (D) DXA X-ray arm.
The dotted line marks the start of DXA scan. The arrows show the degrees of flexion and ex-

ternal rotation from neutral position.

(18]



Figure 3. Uncorrected and manually corrected edge detection errors. (A-B) The typical site for
minor artefact corrections was the proximal part of the implant. (C-D) A correction of a major
bone and a minor artefact edge detection error.

A Uncorrected ! ' B Corrected

C Uncorrected C D Corrected
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Figure 4: Variation in relative BMD in ROl 1 to 7 as a function of flexion (F5 to F20) or external
rotation (R5 to R20). *Significant change of average BMD compared to neutral (p < 0.04).
Abbr: ROI, Regions of interest; BMD, bone mineral density; F, flexion; R, rotation
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Table 1: Precision for clinical double examination n = 20

Ro| |MeanBMD? 5D Range (g/cm?) RMSSD® RMSCV® LSC-SD  LSC-CV
(8/cm?) (8/cm?) (g/cm?) (g/cm?)

1 [1.145 0570  0.456 2.227 0.031 4.66 0.085 12.91
2 |1.181 0.469 0505 2.027 0.034 3.12 0.093 8.65

3 |1.081 0.490 0210 1.913 0.041 4.58 0.115 12.68
4 |0.870 0.608  0.465 1.777 0.040 6.57 0.111 18.21
5  |1.302 0.457 0.587 2.041 0.047 433 0.129 12.00
6 |1.201 0385 0.412 1.885 0.037 3.88 0.103 10.76
7 |1.095 0356 0.453 1.781 0.043 4.61 0.118 12.77

#Mean bone mineral density from double examinations (+ standard deviation, range)
bRoot mean square standard deviation

‘Root mean square coefficient of variation in percent

Abbr: ROI, region of interest; LSC, least significant change
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Abstract

Background: The osseointegrated (Ol) implant system comprises a bone anchored implant connected to an
external prosthetic leg. The Ol implant system is considered a treatment option for transfemoral amputees
(TFAs) with a short residual femur and/or complications with the prosthetic socket.

Purpose: To evaluate changes in bone mineral density (BMD) and bone turnover markers (BTM) in TFAs
treated with an Ol implant.

Methods: An observational cohort of 20 consecutive patients (13 males), mean age 48 years (range 30-66),
were treated with an Ol implant during a two-stage surgical procedure. Examinations were conducted
preoperatively, and 1, 3, 6, 7, 9, 12, 18, 24 and 30 months after the first stage surgery. Dual-energy X-ray
absorptiometry (DXA) scans of seven periprosthetic regions of interests (ROIs), the proximal hip, and lumbar
spine. Total serum calcium (Ca), 25-hydroxyvitamin D2+D3 (vitamin D), parathyroid hormone (PTH), N-
terminal propeptide of type | procollagen (PINP), C-telopeptide of type | collagen (CTX-1), serum bone-
specific alkaline phosphatase (BASP), osteocalcin (OC) were measured in the serum. DXA precision was
examined by double examinations and presented as root-mean-square coefficient of variation (RMS-CV). A
logistic regression analysis was used to determine potential predictors (change in periprosthetic BMD and
preoperative BTMs) for implant loosening.

Results: Eight out of 20 implants (five fixtures and three abutments) were removed (removed implant (RI)
group) and one patient was equipped with a modified socket prosthesis due to loosening. In the cohort, a
decrease in mean periprosthetic BMD (95%Cl) between 16% (9; 23) and 34% (24; 43) was measured in all
ROIs six months after first stage surgery (p <0.001). In the Rl group, a decrease in periprosthetic BMD (95%Cl)
between 26% (3;44) and 40% (23;54) was measured in ROI 1,2,3,5,6 and 7 (p < 0.03) at 30-month follow-up.
In the non-removed implant (NRI) group, BMD was regained in all ROls at 30-month follow-up and was not
different from baseline (p >0.083). Precision in periprosthetic ROI 1-7 ranged from 3.1% to 6.6%, precision of
spine BMD was 1.2%, precision of BMD in the hip of the amputated leg was 2.1% and 1.1% in the intact hip.
The mean CTX concentration (95%Cl) was 0.39 pg/L (0.25; 0.52) in the Rl group and 0.28 pg/L (0.19; 0.37) in
the NRI group (p = 0.15). However, in the time-series analysis a significant difference was measured between
the groups at 18- and 24-months follow-up (p < 0.049). Preoperatively, three patients had elevated PTH (>6.9
pmol/l) and six patients had vitamin D insufficiency (<50 nmol/l). Median PTH (inter quartile range (IQR)) in
the Rl group was 5.8 pmol/L (4.6; 7.3) and 4.0 pmol/L (3.7; 4.5) in the NRI group (p = 0.01). At last follow-up
examination, three patients had an elevated PTH concentration and six patients had vitamin D insufficiency.
The odds of implant removal was 2.4 95%Cl (0.92; 6.29, p =0.07) by each unit increase in PTH concentration.

Interpretation: Negative bone remodelling, in terms of lost periprosthetic BMD in the years following Ol
surgery, and change in bone metabolism, in terms of elevated PTH concentration, was associated with failure
/ implant loosening and removal of Ol implants. Therefore we recommend to follow periprosthetic BMD and
bone turnover markers, and to correct deficiencies, in the years after Ol surgery.

(2]



Introduction

The osseointegration (Ol) implant system for transfemoral amputees (TFAs) provides a direct bone-anchored
attachment to the prosthetic leg alleviating problems associated with the prosthetic socket (1, 2). The system
consists of an intraosseous titanium fixture (Integrum AB; Go6teborg, Sweden) osseointegrated with the
residual femoral bone and an abutment protruding the skin, making it possible to attach the external
prosthetic leg with a snap-lock. The treatment involves a two-stage surgical procedure separated by six
months and is followed by rehabilitation (3).

The Swedish Osseointegration Team treated 100 patients with an Ol implant (Integrum AB; Goteborg,
Sweden) from 1990 to 2008, and 20 implants were removed primarily due to failures occurring during the
early phase (3). Later, 51 patients were enrolled in the Swedish prospective “Osseointegrated Prostheses for
the Rehabilitation of Amputees” (OPRA) study with a two-year follow-up. In this cohort, four patients had a
deep periprosthetic infection of which one led to implant removal, three were treated with antibiotics, and
three implants were removed due to aseptic loosening (4). The United Kingdom Osseointegration Team
removed two out of eleven Ol implants (Integrum AB; Goteborg, Sweden) due to infection (5). A prospective
cohort study found that 7 out of 39 patients had a periprosthetic Ol implant infection after three years. One
implant was removed, one resolved after antibiotic treatment and five ongoing deep infections did not affect
prosthetic use (6). There are no available studies on the specific reasons for septic and aseptic Ol implant
removal. In general, the aetiology of aseptic implant loosening is thought to be multifactorial but is associated
with local osteoclastic bone resorption (7). Generic CT-based finite element models find that periprosthetic
bone loss is greater in the distal regions than the proximal regions adjacent to the Ol implant and that these
changes are consistent with stress shielding (8, 9). This is supported in the OPRA study by a radiographic
increase in distal bone resorption and porosity adjacent to the Ol implant. Additionally, the radiostereometric
analysis indicates a stable Ol implant fixation (10).

The gold standard for examining bone mineral density (BMD) changes in serial measurements and diagnosing
osteoporosis is dual energy X-ray absorptiometry (DXA) (11). Periprosthetic BMD measurements have been
described in numerous studies in joint replacement to assess strain-adaptive remodelling changes (12-15).
DXA scans provide information on BMD and bone turnover markers (BTMs) indicate the rate of bone
remodelling (16). BTMs such as N-terminal propeptide of type | procollagen (PINP), C-telopeptide of type |
collagen (CTX-1), N-telepeptide of type-I collagen (NTX), serum bone-specific alkaline phosphatase (BASP),
osteocalcin (OC) are among the markers investigated in patients with loose implants (17-19). BTMs may also
be useful in evaluating periprosthetic osteolysis (20), although no markers have been validated and
recommended for routine clinical use. Vitamin D (25-hydroxyvitamin D2+D3) is a hormone essential for bone
mineralization, and low vitamin D levels may result in increased parathyroid hormone (PTH) concentrations
and bone loss (21). Thus, identifying Ol patients with an increase in PTH, low vitamin D and/or high BTMs at
follow-up examination may help early identification of patients at risk of implant loosening or increased bone
remodelling.

The primary aim of this prospective observational cohort study was to investigate the BMD and BTM changes
in TFAs treated with an Ol implant and followed for 30-month postoperative. The secondary aim was to
investigate these changes in patients undergoing implant removal (Rl) compared to patients with non-
removed implants (NRI).
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Method
Population

Patients referred to the Department of Orthopaedic Surgery for Ol surgery between 2010 and 2013 were
evaluated by a team of two senior consultants. Eligibility criteria: Age between 18-70 years, BMI <30 and a
bone structure suitable for Ol implant surgery. Exclusion criteria: Diabetes, arteriosclerosis, smoking,
treatment with bisphosphonates, NSAID or cytostatic medicine, active cancer, kidney or hepatic insufficiency,
dementia, pregnancy, and weight <100kg.

According to Danish law, formal ethical approval was not required since all examinations were performed
according to an established quality assurance protocol (Inquiry number: 135/2016). Data was handled in
accordance with the regulations by the Danish Data Protection Agency (Approval number 2012-28-005). In
total, 20 patients were scheduled for primary Ol implant surgery; 19 patients had a unilateral transfemoral
amputation and 1 patient was scheduled for transfemoral amputation during Ol surgery

Follow-up examinations and rehabilitation

The entire population was followed as an observational prospective cohort for 30 months. Examinations
included DXA scans of the amputated femur, hips and spine and laboratory tests for evaluation of bone
metabolism. The clinical outcome was Ol implant removal as documented in patient records. Femur length
was measured on preoperative CT images.

Examinations were conducted preoperatively (0) and 1, 3, 6, 7, 9, 12, 18, 24, 30 months after first stage (S1)
surgery. Weight bearing on the Ol implant was not possible during the six months between S1 and second
stage (S2) surgery as the abutment was not inserted. Prophylactic IV dicloxacillin 2 g was administered 3
times/day; 1 day preoperatively, 1 day after S1 surgery and 10 days after S2 surgery. After S2 surgery, the
initial rehabilitation included training using a short prosthesis for 12 weeks and a later training period using
a long external prosthesis. The first 6 weeks, gentle exercise was allowed. In the following 6 weeks weight
bearing started at 20 kg and increased 10 kg/week. After 12 weeks, the patient gradually increased weight
bearing and time of prosthetic use until full mobility was achieved 12 months after S1 surgery.

Dual energy X-ray absorptiometry

Nineteen patients were DXA scanned on a GE Lunar Prodigy Advance scanner (General Healthcare, Madison
WI) and one patient was scanned on a GE Lunar iDXA due to a temporary hardware upgrade.
BMD around the Ol implant was evaluated using a seven-template custom-designed ROl previously validated
by our research group (22). BMD was measured in proximal femur (total hip) AP lumbar spine (L1-L4), using
standard regions of interests (ROIs) (23). Precision error was determined by double examinations obtained
as mean (SD) 2 years (1.4) after S2 surgery from 2014 to 2015. All DXA scans were performed by the same
technician and all BMD analyses were completed by one observer (RLH) with enCORE 14.10.022 software
(General Healthcare, Madison WI1). The preoperative total hip and spine BMD was compared with a healthy
Northern European age and gender matched reference population described in the Encore manual (24).
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Biochemical measurements

Venous blood samples were obtained between 10AM and 15PM in non-fasting patients, and DXA scans were
completed on the same day. After centrifugation, serum was stored at —80 °C until analysis.

The following methods were used to analyse the serum samples: Calcium (Ca) was determined by absorption
spectrophotometry; vitamin D by high-performance liquid chromatography (APl 5500, AB Sciex); bone
specific alkaline phosphatase by ELISA; PTH, PINP, CTX, OC were determined by electrochemiluminescence
analysis (Cobas 6000 modul e601, Roche Diagnostic A/S).

Statistical analysis

The longitudinal dataset was analysed with a log linear mixed model with random effects for patients, thus
between patient variations were allowed (with exponential variance between time points). The model
assumptions were evaluated by visual assessment of the residuals and best linear unbiased predictors
(BLUPS) or fitted values of the model (qg-plot and plot of residuals versus BLUPS). The primary outcome was
measurements compared to baseline values calculated for all time points and presented as percent change
with 95% confidence intervals (Cl). Baselines were defined as: Preoperative BMD measurements in total hip
and spine, preoperative blood test values, first postoperative (after 1 month) periprosthetic BMD
measurement. A logistic regression analysis was used to determine the predictors of implant removal using
the preoperative BTMs and the change in periprosthetic BMD. The odds ratio (OR) estimated the odds of
implant removal during 3 years of follow-up.

Normality was evaluated by visual inspection of qg-plots. Parametric data were reported as mean with
standard deviation (SD) or range, and non-parametric were reported as medians with 25%-75% inter quartile
range (IQR) or range. Correlation between variables was examined with a Spearman’s rank test.

A subgroup analysis of removed implants and non-removed implants was conducted. The groups were
investigated in a time-series analysis using the log linear model and in a last follow-up analysis using a two-
sample t test/ranksum test as appropriate. Precision of BMD measurements was presented as root mean
square standard deviation (RMS-SD) and root mean square coefficient of variation in percent (RMS-CV)(25).
Statistical analyses were carried out using Stata (v 13.1, StataCorp LP, College Station, TX) and statistical
significance was assumed at p<0.05.
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Results

Thirteen males and 7 females, mean age (range) 48 years (30 to 66) were scheduled for Ol implant surgery.
The patients were transfemorally amputated at a median (range) 4 years (0 to 39) prior to Ol surgery, and
the residual femur length (range) was 26 cm (12 to 36). Two patients had the abutment removed one month
after the study period ended (was planned for implant removal at the last 30-month follow-up) and were
counted as implant removals in the analysis. In total, nine implants were considered Rl during the study
period. Five patients had total implant removals (fixture and abutment), 3 had partial removals (abutment),
and 1 patient could not use the Ol implant (Appendix 1).

Periprosthetic BMD changes

At cohort level, a mean periprosthetic BMD loss between 16% (CI 9; 23) and 34% (Cl 24; 43) was observed in
all ROIs from S1 surgery to 6-month follow-up (p <0.001). From S1 surgery to 30-month follow-up BMD
decreased between 17% (Cl 3; 29) and 23% (CI 6; 63) in ROI 2,4,6 and 7 (p <0.01). There was no difference in
periprosthetic BMD between the Rl and NRI group in the time series analysis (Figure 1, p >0.12) or in the last
follow-up analysis (Table2, p > 0.07). The periprosthetic BMD in both groups was lower at several time points
compared to the postoperative baseline (Figure 1, p < 0.05). The OR of implant removal due to periprosthetic
BMD change is presented in Table 3. The precision (RMS-CV) of BMD measurements: ROl 1 to 7 ranged from
3.1% to 6.6%, spine (L1-L4) was 1.2%, the proximal hip (total) of the amputated leg was 2.1% and the intact
hip was 1.1%.

Changes in hip and lumbar spine

Preoperatively (Table 1), BMD was significantly lower in the hip of the amputated leg than the contralateral
intact hip (p =0.0003) and the hip of an age and gender matched reference population (p =0.0005). The hip
BMD of the amputated leg correlated with the length of the residual femoral bone (rho =0.46, p = 0.047) and
inversely with time since amputation (rho=-0.73, p = 0.0003). There was no difference between the intact
hip (p =0.88) or spine BMD (p =0.2) compared to the reference population. The difference in total hip BMD
between the amputated and intact side ranged from 37% (Cl 25; 48) to 45% (Cl 35; 54) depending on time
point (p < 0.001) (Figure 2). There was no difference in total hip BMD between the Rl and NRI groups at any
follow-up examinations (p > 0.15). Lumbar spine BMD was unchanged during the 30-month follow-up (p >
0.60) and there was no difference between the Rl and NRI groups at any time points (p > 0.30).

Bone turnover markers and bone metabolism

At cohort level, PINP, CTX and BASP levels peaked 1 month after S1 surgery by 119% (Cl 83; 162), 48% (ClI 20,
83) and 147% (Cl 95;213), respectively (p = 0.001). The time series analysis (Figure 3) showed a significant
difference in the OC levels at baseline (p = 0.001) and in the CTX levels at 18 and 24 months (p < 0.049)
between the Rl and the NRI groups, whereas no difference was found in the last follow-up analysis (Table 3,
p > 0.15). In the NRI group, BASP and OC levels were elevated at several time points compared to
preoperative baseline values, thus, at 30-month follow-up, BASP levels had increased by 50% (CI 9; 106, p =
0.012) and OC levels by 28% (Cl 4; 58, p = 0.019).

Preoperatively, 8 patients had PTH or vitamin D concentrations outside the reference interval: 2 patients had
elevated PTH (>6.9 pmol/l), 5 patients had low vitamin D (<50 nmol/l), and 1 patient had elevated PTH and
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low vitamin D. The time series analysis showed higher PTH concentrations in the Rl group during the first
year compared to the NRI group (Figure 4, p <0.031) and a similar group difference was found in the last
follow-up analysis (Table 4, p =0.01). The ORs are presented in table 3. The mean total calcium concentration
during follow-up was 2.43 mmol/I (range 2.1; 2.67).

Discussion

This is the first study to evaluate the periprosthetic changes in BMD, and the changes in BTM after
osseointegrated implant surgery.

Key findings:

e Eight out of 20 implants are removed during the trial

e BMD decreases in later removed implants and is regained in implants remaining in situ
e CTXincreases in the Rl group compared to the NI group at 18- and 24-month follow-up
e Low vitamin D was observed at several timepoints

e Elevated PTH may predict later implant removal

The TFAs in the cohort have osteoporotic bone in the hip of the amputated leg and normal bone in the intact
hip compared to the age and gender matched reference population. The low BMD in the amputated leg is
related to disuse atrophy and supports the results from previous studies (26-28).

Up to 34% periprosthetic BMD loss is observed in all ROIs during the first 6 months after S1 surgery. An
interesting observation is that the periprosthetic BMD in the NRI group is unchanged at 30-month follow-up
compared to the baseline values, as opposed to a periprosthetic BMD decrease in the Rl group. Periprosthetic
bone remodelling occurs due to the new loading conditions imposed by the Ol implant, which is referred to
as stress shielding (29).

Non-use atrophy affects all periprosthetic ROIs negatively because the Ol implant is not subjected to loading
in the six months between S1 and S2 surgery. In hip stem arthroplasty, a similar decrease in periprosthetic
BMD due to stress shielding is observed in the calcar region after six months, whereas an increase in BMD is
observed in the distal regions after one year (30, 31). CT finite element analysis suggests that the effect of
stress shielding around the Ol implant is greatest in the distal region and decreases proximally (8, 9). A similar
effect is not found in the NRI group, as the smallest periprosthetic BMD changes are observed in the distal
regions (Table 2). In contrast, the periprosthetic BMD changes around the removed implants are greatest in
the proximal regions. Implant loosening may be associated with excessive periprosthetic bone loss (19);
however, no significant difference in periprosthetic changes is found between the two groups. A decrease in
periprosthetic BMD at the last follow-up resulted in 0.57 to 1.64 OR of implant removal.

One patient (ID = 8) had severe periprosthetic bone loss ranging from 36.8% to 52.8% (Appendix 1) and had
the Ol implant removed after 18 months. The patient was amputated and had the fixture implanted on the
same day, but after falling directly on the external prosthetic knee he experienced pain during weight bearing
indicating traumatic implant loosening.
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Most likely, the decrease in BMD in the Rl group is related to the osteolytic changes after infection and disuse
osteoporosis, as patients with pain during weight-bearing typically have lower physical activity levels than
those with well-functioning implants (32). This is also reflected by the decrease in hip BMD measured on the
amputated side but not the intact side during follow-up.

Bone turnover markers

An increase in BTM is expected as a response to bone remodelling after Ol implant surgery. In comparison,
BASP and CTX concentrations increase rapidly three weeks after tibia fractures or hip replacement surgery,
whereas OC concentrations increase at a slower pace (30, 33). Several months after hip replacement or
fracture healing, the bone formation markers (BASP and OC) are still elevated indicating that the osteoblasts
are active and bone is mineralizing (16, 30, 33). The increase in bone formation (BASP) and mineralization
(OC) in the NRI group after S1 surgery most likely contribute to the recovery of periprosthetic BMD.
At the last follow-up examination, the CTX-concentration was 0.39ug/L in the Rl group and 0.28 pg/L in the
NRI group. In comparison, the mean CTX-concentration in loose hip implants ranges from 0.32 to 0.43ug/L
(19, 34). Osteolysis leads to an increase in bone resorption and during type-I collagen degradation CTX and
NTX is released (16). Elevated serum CTX concentrations are measured in rat models with particle-induced
osteolysis (35, 36) and in patients with a potentially unstable fixation of a tibial implant component (17).
Serum CTX shows a trend toward increased concentration in patients with aseptic loosening after THA (19,
34). Six out of nine implant removals are performed after the 18-month follow-up and significant changes in
CTX-concentration are measured at 18- and 24-month follow-up after S1 surgery (p<0.049)., However, the
elevation in CTX is not only caused by aseptic loosening as four implants are removed due to infection (septic
loosening).

Vitamin D and PTH

Occult vitamin D deficiency or osteopenia/osteoporosis is common in orthopaedic patients (37) and in lower
limb amputees (38). Thus, all patients in this study are referred to an endocrinologist upon discovery of
biomarkers or a T-score outside the normal reference interval. The patients are screened for metabolic
diseases and recommended to take calcium and vitamin D supplements. The median PTH concentration of
5.84pmol/L in the Rl group is higher compared to the 4.02pmol/L in NRI group at last follow-up examination.
The OR indicated that elevated PTH concentrations increased the odds of implant removal by 2.4. Three
patients with elevated PTH concentrations and four patients with low vitamin D had their Ol implant
removed, which indicates a potential for prediction of implant removal by these parameters. Elevated PTH
concentrations over several days indirectly stimulate osteoclast activity, thereby causing an increase in bone
turnover, which is usually associated with bone loss (39). In contrast intermittent treatment with
recombinant PTH stimulates osteoblasts activity and increases BMD in humans (40) and improves
osseointegration in animal studies (41). In rat models, vitamin D deficiency impairs osseointegration, whereas
vitamin D supplementation improves implant osseointegration (42-44). The role of elevated PTH and low
vitamin D in human Ol implant surgery is unclear, but PTH may affect fixation of the Ol implant adversely.

Ol implant failure

The number of implant removals (5 fixtures and 3 abutments) during the 30-month follow-up is high. The
Swedish Osseointegration Team removed 10 out of 15 Ol implants (Integrum AB, Géteborg) during the first

(8]



four years and explained it by learning curve; however, the causes of implant removals were not described
in the paper (3).

Limitations

The study population is small, but includes all patients treated with an Integrum Ol implant in Denmark. The
precision of DXA scans are validated in a previous study and found to be similar to double examinations of
acetabular, hip, and knee implants (< 8.4% CV) (45-49). The circadian rhythm and food intake affects bone
marker concentrations, and further vitamin D concentrations display seasonal variance (16); thus, blood
samples were collected during daytime and analysed as batches to minimize analytical variability.

Conclusion

In total 40% of the implants are removed (five fixtures and three abutments) during the study period. A large
periprosthetic BMD loss is observed between S1 and S2 surgery due to non-use atrophy. Periprosthetic BMD
around the implants that were later removed decreases due to septic/aseptic loosening at 30-month follow-
up, whereas the BMD around surviving implants recovered to baseline values. Severe periprosthetic bone
loss may be associated with implant removal.

CTX concentrations are higher in the Rl group at 18- and 24-month follow-up and may possibly be related to
implant loosening. PTH concentrations are higher among patients with removed implants compared to
patients with non-removed implants.

Correction of low vitamin D and elevated PTH concentrations should be considered before Ol surgery. Focus
on antiresorptive therapy to minimize the bone loss related to stress-shielding is interesting as a treatment
solution to avoid implant removal but needs further investigation.
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Table 1: The preoperative BMD in the hip (total) and spine (L1-L4) compared with an age and gender matched reference population

Data Standard Range Reference  Reference Reference

Mean deviation (min max) Normal* Osteopeniat  Osteoporosisf  P-value§
Total hip BMD (g/cm?) n=20
Intact side 1.03 0.16 0.78to0 1.44 1.02 0.97 0.88 0.88
Amputated side 0.69 0.29 0.34t01.33 0.0005
Spine BMD (g/cm?) n=20
L1-L4 1.13 0.22 0.89to1.69 1.19 1.15 1.09 0.2

* Reference Normal: Age and gender matched reference value

t Reference Ostepenia: Upper BMD limit for reference osteopenia (Reference mean -(1*SD))

T Reference Osteoporosis: Upper BMD limit for reference osteoporosis (Reference mean -(2.5*SD))
§ P-value: Significance level for the difference between Data mean and reference normal.
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Table 2: Periprosthetic BMD changes around the Ol implant at last follow-up examination.
Periprosthetic BMD is presented as mean difference from baseline measurements.

Measurements at last follow-up Removed implants Non-removed implants
Mean Mean p-

Periprosthetic ROIs (g/cm?) diff 95%Cl diff 95%Cl value
ROI 1 0.41 0.17 ; 0.65 0.25 -0.02 ; 0.52 |0.30
ROI 2 0.28 -0.03 ; 0.59 0.14 -0.10 ; 0.38 |0.42
ROI 3 0.38 0.07 ; 0.69 0.17 -0.06 ; 040 |0.22
ROl 4 0.25 -0.10 ; 0.61 -0.05 -0.35 ; 0.25 |0.15
ROI 5 030 0.04 ; 0.56 0.13 -0.22 ; 0.48 |0.36
ROI 6 0.40 0.14 ; 0.65 0.14 -0.10 ; 0.39 |0.11
ROI 7 0.32 0.09 ; 0.55 0.03 -0.23 ; 0.29 |0.07
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Table 3: Odds ratio of implant removal during 3-years of follow up

Odds 95%Cl Unadjusted

Predictor Ratio Lower Upper p-value*
BMD changet (g/cm?)

ROI'1 0.86 0.18 4.17 0.85

ROI 2 1.32 0.16 11.06 0.80

ROI3 0.63 0.08 4.87 0.66

ROI 4 0.66 0.08 5.33 0.69

ROIS 0.93 0.14 6.12 0.94

ROI 6 0.57 0.07 4.60 0.60

ROI 7 1.64 0.20 13.23 0.64
Preoperative blood tests
PTH (pmol/L) 2.40 | 0.92 6.29 0.07
Vitamin D (nmol/L) 0.99 0.95 1.03 0.63
BASP (ug/L) 1.09 | 0.90 1.31 0.39
OC (pg/L) 1.09 | 0.98 1.21 0.13

*The p-values are not adjusted for multiple comparison; thus, the interpretation should focus on the 95%
Cl.
1 BMD (ROI 1-7) change, in terms of the change in BMD from S1 to the last follow-up examination
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Table 4: Bone turnover markers

and bone

metabolism at

last

follow-up examination.

Bold font represents data presented as median value with IQR and (*) analysis is performed with a ranksum

test.
Measurements at last follow-up Removed Non-removed p-value
Bone turnover markers Mean 95%Cl Mean 95%CI
PINP (ug/L) 60.55 38.98 82.12 60.39 44.51 76.27|0.99
CTX (ug/L) 0.39 0.25 0.52 0.28 0.19 0.37 |0.15
OC (ug/L) 25.78 21.84 29.72 22.73 16.55 28.91/0.39
BASP (U/L) 29.28 15.59 4296 22.65 12.62 32.67|0.38
Bone metabolism Mean 95%Cl Mean 95%Cl
Vitamin D (nmol/L) 58.00 36.27 79.73 58.66 45.83 71.50|0.95
PTH (pmol/L)* 584 4.64  7.33 402 3.67 4.46 |0.01
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Figure 1: Time-series graph of the mean BMD (95%Cl) in ROl 1-7 in the Rl and NRI group during 30 months of follow-
up

Statistically significant BMD changes from the postoperative baseline are labelled as (1) in the Rl group and (¥) in the
NRI group.

Compared to baseline, BMD is reduced between 26% Cl (3;44) to 40% Cl (23;54) in the removed group (p <0.03) and
returns to baseline value in the non-removed group (p >0.083) at 30-month follow-up.
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Figure 2: Time series graph of mean total hip BMD (95%Cl) in the amputated and intact side during 30
months of follow-up.

(*) BMD on the amputated side was reduced to 13% 95%Cl (8; 19) compared to preoperative baseline
values (p < 0.028).

BMD on the intact side remained unchanged (p > 0.23) at all time points.
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Figure 3: Mean bone turnover marker concentration (95%Cl) at each time point in the removed and non-

removed group.
Significant group difference (*); Significant changes from the preoperative baseline in the removed group
() and the non-removed group (1)
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Figure 4: Mean PTH and vitamin D (95%Cl) at each time point in the removed and non-removed group. (*) Statistically significant group differences;
Significant changes from the preoperative baseline in the removed group (1) and the non-removed group ()
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Figure 5: Logistic regression curve showing the probability of implant removal by increasing preoperative
PTH concentration
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Appendix 1:

Percent change in BMD from baseline to last follow-up|BTM, PTH, vit. D at last follow-up exam. Clinical outcome

ID [ROI1 |[ROI2 |[ROI3 |[ROI4 |[ROI5 |[ROI6 |[ROI7 |PINP |CTX BASP |OC PTH Vit D Last Removals |Cause of implant|Ol implant
examination removal in situ

1 21.9 -6.0 12.8) -19.1 9.9 36.7 41.8/ 90.56 | 0.67 46 | 36.15 | 9.27 30 12 + Pain 17

2 115.1 | 0.65 54 254 5.26 79 12 ++ Infection 18

3 61.2 57.4 50.8 22.0 43.7 53.8 47.9| 61.25 | 0.50 | 36.5 | 24.17 | 5.84 19 18 ++ Infection 27

4 50.8 44.9 56.7 52.4 53.9 59.7 49.5| 58.05 | 0.35 50.4 | 27.84 | 7.33 81 30 + Pain 31

5 12.0 7.4 10.0 10.8 18.9 27.8 19.5/ 36.89 | 0.32 | 15.2 | 25.13 | 2.03 42 18 ++ Infection 19

6 329 16.3 30.2 22.6 2.6 7.4 9.4/ 34.07 | 0.30 8.9 | 2121 | 6.64 39 30 + Pain 31

7 -13.1] -35.1] -17.3| -91.9 -16.5| -12.3] -22.3|49.65| 0.29 | 18.2 | 29.19 | 4.45 107 12 ++ Infection 16

8 44.2 46.0 52.8 48.4 38.9 41.7 36.8| 69.67 | 0.27 | 24.8 | 25.04 | 4.64 57 12 ++ Trauma 18

9 15.9 7.8 15.9 11.2 7.1 14.7 12.8| 29.7 | 0.15 9.5 | 17.89 | 8.59 68 30 - Aseptic loosening

10 7.6 1.4 3.0 1.5 -27.9 2.4 13.9/ 92.25 | 0.52 16 32.99 | 3.89 28.3 24

11 43.4 49.5 48.8 -6.3 449 -18.6 2.0| 108.7 | 0.46 20.6 | 45.78 | 5.07 50 30

12 9.4 353 32.1 -67.1 37.5 38.0 -58.1| 80.51 | 0.38 | 62.6 | 21.11 | 5.03 71 30

13 | 56.78 | 0.35 18.4 | 22.28 | 3.67 21 30

14 -21.0 -9.9 7.9 12.2 -6.4 0.8 -7.4| 36.2 0.29 18.3 | 15.96 | 2.92 65 30

15 |. 42.86 | 0.27 3.4 15.76 | 4.05 71 30

16 5.9 7.1 0.0 12.7) -115 -0.6 -2.0, 61 0.25 16.7 | 19.95 | 3.72 65 30

17 46.0 20.0 33.5|. 39.1 44.4 39.4| 55.77 | 0.18 33 13.6 | 2.89 59 30

18 36.2 5.4 2.8 18.2 10.9 5.0 23.7| 47.42 | 0.15 19.1 | 18.57 | 4.46 73 30

19 -23.4| -37.4) -23.7] -14.1 -22.2 13 -8.6| 38.7 | 0.13 22.9 | 23.38 | 4.07 84 30

20 44.07 | 0.13 18.1 | 20.65 | 4.02 58 30

Implant removals are presented in grayscale rows;

ROI 1 to 7 is presented as the percent change BMD from baseline to the last examination;
BTM, PTH, vitamin D are presented as the absolute value at the last examination;
Removals, total Ol implant removal(++) or removal of abutment(+);

Last examination in terms of number of months after S1 surgery;

Ol implant in situ in terms of the number of months after S1 surgery the fixture or abutment remained in the patient ;

Patient (ID=9) does not use the Ol implant due to pain, but uses a modified prosthetic socket, thus considered an Ol implant failure (*);
Four patients are missing baseline BMD measurements, thus percent change from baseline values cannot be calculated (.)
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Abstract

Background: The osseointegrated (Ol) prosthesis is a treatment option for transfemoral amputees with a
short residual femur and/or difficulties caused by the prosthetic socket. Implant removal due to aseptic and
septic loosening is not uncommon, but implant migration patterns in relation to failure has not previously
been described.

Purpose: The aim was to investigate the migration pattern of removed and non-removed Ol implants and the
correlation between Ol implant migration and preoperative bone mineral density.

Methods: An observational cohort of 17 consecutive patients (11 males), mean age 50 (range 32-66) were
treated with an Ol implant. Preoperative DXA scans of the proximal hip (total) and lumbar spine (L1-L4) and
postoperative stereoradiographs of the Ol implant during 24-month follow-up were obtained. RSA precision
was examined by double examinations. X, Y, and Z translations and total translations (TT) were evaluated
using CAD-implant models. Implant survival was followed up to 60-month follow-up.

Results: Six total implant removals (fixture and abutment) and four partial removals (abutment) were
conducted, and one patient did not use the Ol-implant. At the last RSA follow-up, the removed implant (RI)
group had migrated 0.55 mm 95%CI(-0.03; 1.14, p = 0.009) TT and -0.07 mm 95%CI(-0.23; 0.08, p = 0.19)
distal more than the non-removed implant group (NRI). Odds ratio for implant removal was 22.5 95%CI(1.6;
314, p = 0.021) if the Ol implants migrated distally. The Ol implant migration did not correlate with the T-
score of the hips or lumbar spine (p > 0.45)

Interpretation: The Ol implants that were later removed migrated continuously and more than the non-
removed Ol implants at last follow-up. 65% of the Ol implants were removed within 5 years of follow-up,

and distal implant migration greatly increased the odds of implant removal.



Introduction

An osseointegration (Ol) implant for transfemoral amputees (TFA) provides a bone-anchored attachment for
the external prosthetic leg, thereby alleviating problems associated with the prosthetic socket (1, 2). The Ol
implant system comprises an intraosseous titanium fixture and an exosseous abutment implanted during a
two-stage surgical procedure. At stage 1 (S1), the fixture is inserted into the residual femur and allowed to
osseointegrate for 6 months. At stage 2 (S2), the fixture is connected to the percutaneous abutment making
it possible to attach an external prosthesis. After S2 surgery, the patients follow a 6-months rehabilitation
program and gradually increase the load on the Ol implant until full weight-bearing is possible (1). A
successful osseointegration is imperative for implant survival and requires limited micromotion, a stable
fixation and intimate contact to the bone (3).

From 1990 to 2008, the Swedish Osseointegration team reported Ol implant (Integrum AB, Sweden) removal
in 20 out of 100 patients, and due to a learning curve the first 15 patients had 10 implants removed (1). From
1999 to 2007, they enrolled 51 patients (55 implants) in the prospective “Osseointegrated prostheses for the
Rehabilitation of Amputees” (OPRA) study with 2-years of follow-up. Four implants were lost, 1 septic and 3
aseptic, and in this specific cohort they reported a cumulative implant survival rate at two years of 92% (4).
Radiostereometric analysis (RSA) is considered the gold standard for measuring implant migration with
respect to surrounding bone (5). Detection of implant migration at an early stage has proven useful for
predicting aseptic loosening in knee and hip arthroplasty (6, 7) and the high accuracy and precision of RSA
(8, 9) makes investigation possible with a small study population.

A marker-based RSA study of the OPRA cohort with analysis of 40 out of 55 implants (including 2 out of 4
failures) at the 2-year follow-up indicated a stable Ol implant fixation (10), however the migration pattern of
the loose implants was not described. To improve Ol implant survival, more knowledge about the association
between osseointegration and Ol implant migration is important.

The primary aim of this prospective observational cohort study was to examine the migration of the Ol

implant for TFA using model-based RSA with 24-month follow-up. A secondary aim was to investigate the
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migration pattern of Ol implants compared to those later removed based on the 5-year clinical outcome. The
tertiary aim was to investigate the correlation between Ol implant migration and preoperative bone mineral
density.

Study settings and participants

Seventeen consecutive patients (11 males), mean age 50 (range 32-66) were operated between 2010 and
2013 (11). The surgical criteria were healthy and motivated TFAs, with an age between 18-70 years, BMI <30,
and a bone structure suitable for Ol implant surgery. Exclusion criteria were diabetes, arthrosclerosis,
smoking, treatment with bisphosphonates, NSAID or cytostatic medicine, active cancer, kidney or hepatic
insufficiency, dementia, pregnancy, and weight >100kg.

According to Danish law, formal approval from the Regional Ethical Committee was not required as all
examinations were performed according to an established quality assurance protocol (inquiry number
135/2016). Data were handled according to the regulations of the Danish Data Protection Agency (approval
of 2012-28-005).

Follow-up examinations

Sixteen patients had a transfemoral amputated leg at the time of Ol surgery and one patient was scheduled
for one-stage transfemoral amputation and Ol surgery. Implant fixation was investigated with model-based
RSA and preoperative bone mineral density (BMD) with dual x-ray absorptiometry (DXA) scans.
Radiostereometric imaging was conducted 1, 3, 6, 12, 18 and 24 months after S2 surgery. The Ol implant
position at 1-month follow-up was used as a baseline (Table 1) for all migration analyses and implant survival
was reported up to 60 months follow-up.

DXA analysis

Preoperative DXA scans were performed using a Lunar Prodigy Advance 2005 (General Healthcare, Madison
WI) DXA scanner and analysis was conducted with enCORE 14.10.022 software. BMD on the both sides was
measured in the proximal hip (total hip) and lumbar spine (11-14) using standard regions of interest (ROI). All

DXA scans were performed by the same technician and all BMD analyses were completed by one observer.

[4]



The prevalence of osteoporosis and osteopenia was estimated according to the WHO classifications (normal,
T-score T>-1; osteopenia T<-1; osteoporosis T<-2.5)

RSA setup

Until 2014 all stereoradiographs were obtained using a standard RSA setup(12) consisting of two-ceiling fixed,
synchronized roentgen tubes (Acro-Ceil/Medira; Santax Medico; Denmark) both positioned at a 20° angle
with the vertical plane, and an unfocussed uniplanar carbon calibration box (Box 24; Medis Specials, Leiden,
the Netherlands) (Figure 1). All stereoradiographs were digitized images (Fuji CR (ST-VI IP), 200 um pixels
pitch). In 2014, the radiography equipment was replaced with an automated RSA system (Adora RSA; NRT,
Denmark) also with ceiling fixed and synchronized roentgen tubes (Varian Medical Systems, USA).
Stereoradiographs were direct digital (Canon CXDI-70C, 125 um pixel pitch). We continued using the same
RSA setup (tube position, patient position and calibration box).

Radiostereometric analysis

All operations were performed as a joint venture with two surgeons. During S1 surgery, 6-10 tantalum beads
(@ 1.0 mm) were inserted into the femoral cortical bone distal and proximal to the implant (Figure 1) using a
bead gun (Wennbergs Finmek AB, Sweden).

CAD models of the inserted fixtures were provided in 11 different sizes (@ 16mm to 23mm) by the
manufacturer (Integrum AB, Sweden) and were implemented in the model-based RSA software by the
software provider (RSAcore, Leiden, The Netherlands). The final implant-models were created with 10,000
triangles in order to maintain enough model detail to specify the edges of the threaded surface. X, Y, and Z
translations and total translations (TT) of the Ol implant with respect to the bone markers were calculated.
The Y-axis was aligned with the longitudinal axis of the fixture (Figure 1), and implant migration along the y-
axis in proximal direction (subsidence) was defined as positive motion and the distal direction as negative
implant migration. The cut-off for stable markers was 0.35mm (rigid body error) and the same bone markers
around the implant were selected for all follow-up analyses to ensure a similar rigid body reference. The

mean rigid body error was 0.14 (range 0.024 to 0.35). Sixteen patients had > 3 stable bone markers; one
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patient only had one stable bone marker during follow-up examinations. Primarily due to a longitudinal
alignment of the bone markers, six patients had a condition number (CN) >120, and the mean CN was 138.4
(range 37 to 406). Only translations were assessed, and high CNs were thus accepted. Precision of RSA was
determined by obtaining two sets of stereoradiographs on the same patient (n=12) within an interval of a
few minutes (double examinations). The patient was repositioned between the examinations by either sitting
or standing before returning to the supine position. Model-based analysis of all radiographs was
performed by one observer using model-based RSA 4.0 (RSAcore, Leiden, The Netherlands) software.
Statistics

Longitudinal implant migration was analysed with a linear mixed model with random effects for patients,
thus allowing between patient variation (with exponential variance between time points). The model
assumptions were evaluated by visual assessment of the residuals and BLUPS (best linear unbiased
predictors) or fitted values of the model (qg-plot and plot of residuals vs BLUPS). Translations were assessed

along the X-, Y-, and Z-axis. Translation (TT) was calculated using the Pythagoras theorem T =

VX2 + Y2+ Z2.The primary outcome was the mean TT and Y translation with 95% confidence interval (Cl)
after S2 surgery. A measure of continuous migration at a cohort level was defined as the difference in TT and
Y-translations between 3 months and 24 months of follow-up.

A subgroup analysis of removed implants (RI) and non-removed implants (NRI) were undertaken. The RI
group comprised of total implant removal (fixture and abutment) and partial removal (abutment). The
patients were followed until partial/total implant removal or until 60 months of follow-up. A logistic
regression analysis was used to determine the predictors (Y- and total translations) of implant removal at the
last follow-up examinations. The odds ratio (OR) estimated the odds of implant removal during 5 years of
follow-up.

Normal distribution was evaluated on qqg-plots. Parametric data were analysed using t test and reported as
means with 95% Cl. Non-parametric data were analysed using rank sum and U test, and reported as medians

with 25%-75% inter quartile range (IQR).
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Precision was assessed by double examinations. Any difference between the first and second examination
was assumed to be caused by measurement error. The difference in migration (mm) represented the bias of
the system and the standard deviation (SD) the precision. The mean (SD) of TT was reported instead of the
log-transformed values for interpretational reasons. The 95% Cl of the measurement error/precision limit
was expressed as +1.96 x precision SD according to the RSA ISO standard (13). The correlation between
preoperative T-score in the hip of the amputated leg, intact hip and lumbar spine with Y and total translation
was examined with a Spearmans’ rank test. A p-value <0.05 was considered statistically significant. Statistical
analysis was performed using STATA 13.1 (Stata Corp LP, College Station, Texas).

Results

RSA cohort measurements

The mean clinical follow-up time was 31 months ClI (22.7; 39.5). For the entire cohort (Figure 2), the total
translation (TT) was 0.40mm CI (0.10; 0.70) at the 3-month follow-up and 0.90mm CI (0.54; 1.27) at the 24-
months follow-up. The difference between 3 and 24 months of follow-up (continuous migration) was 0.50mm
Cl1(0.10; 0.90, p = 0.014) in TT. The Ol implants migrated 0.02mm Cl (-0.10; 0.05) distal at 3 months, -0.13mm
Cl (-0.23; -0.04) at 24 months (Figure 3) and the difference (continuous migration) was -0.11mm CI (-0.22; -
0.01, p =0.037) in Y translations.

Clinical outcomes and prediction

Nine Ol implants migrated above the y-axis precision limit (Table 2) as shown in Figure 3, and six fixtures plus
four abutments were removed during the 60-month follow-up period (Table 3). One patient (N) was
categorized as a removed in the subgroup analysis due to symptoms indicating aseptic loosening and RSA
indicating continued implant migration. The OR of implant removal was 22.5 CI(1.6; 314) if the implants
migrated distally and 0.04 CI(0.01; 0.62) if the implants migrated proximally (p = 0.021). In TT, the OR of
implant removal was 1.13 CI(0.31; 4.08, p = 0.86)

Analysis of removed versus non-removed implants




A subgroup analysis of eleven Rl and six NRI during the 60 months of follow-up was undertaken. The mean
implant survival time was 22 months Cl (14.3; 30.2) in the Rl group which was less compared with 48 months
Cl (37.4; 57.2) in the NRI group (p = 0.0005). The time-series analysis in Figure 4 displays a similar TT between
the groups at all time points (p > 0.49). At 24 months, the Rl group migrated -0.28mm Cl (-0.41; -0.16) distal
compared with -0.01mm Cl (-0.12; 0.11) distal migration in the NRI group (p = 0.002). In the time-series
analysis, the difference (continuous migration) in distal migration was -0.23mm CI (-0.36; -0.09, p = 0.001)
and 0.65mm CI (0.10; 1.21, p =0.021) in TT.

At the last follow-up analysis (Table 4), there was no difference between the groups in Y translations (p =
0.16) or TT (p = 0.76), but significant difference from baseline to last follow-up (continuous migration) in TT
of the removed implants (p = 0.009).

BMD effect on migration pattern

The preoperative BMD and T-score (Table 5) were similar between the subgroups (p>0.64). The Ol implant
migration at last follow-up examination did not correlate with the T-scores in the hips or lumbar spine
(p>0.45) (Table 6).

Discussion

This is the first study using model-based RSA to evaluate the osseointegrated implant fixation for TFA and
describe the migration pattern of loose and stable implants. The difference between early and late total
translation indicated that the Ol implants migrated continuously in the RI group (Table 4).

Implant migration pattern

Eleven implants (including patient N) were removed and seven of those were removed after the migration
exceeded the y-axis precision limit of 0.11mm (Table 2). This is consistent with the established understanding
that early implant migration above the precision limit of RSA is a prognostic marker for premature implant
removal (14). Two implants migrated above the Y-axis precision (implant N and Q) but remained in situ during
the 5-year clinical follow-up period. Implant N subsided 6 months after S2 surgery and the patient reported

pain during weight bearing at the 12-month follow-up. At the 24-month follow-up, the Ol implant had
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migrated -0.32mm distally and weight-bearing on the Ol implant had ceased. This patient had large areas
with indurated skin grafts after necrotizing fasciitis which made it difficult to reconstruct the soft tissue cover
if the implant was removed. Instead of removing the Ol implant, we equipped the patient with a prosthetic
socket including a silicon bottom leaving space to the abutment, thereby transferring the weight to soft
tissue. Implant Q migration varied between -0.07 to -0.41mm during follow-up. This patient had a very short
stump and the residual femur was pointing in an anterior direction during RSA examinations. Combined with
a large CN (389), this may be a factor contributing to the large variation in distal migration. Patient Q was
using the Ol implant during the clinical follow-up.

The majority of Ol implants in the cohort did not necessarily subside after implantation, but seemed to favour
a slight -0.13mm Cl (-0.23, -0.04, n=10) distal migration at 2 years, which was even greater for the removed
implants, viz. Y="-0.28mm Cl (-0.41, -0.16). Nebergall et al. found no Ol implant migration pattern favouring
distal or proximal direction and reported Y= 0.00mm Cl (-0.53 to 0.13, n=40) migration at 24 months (10).
Proximal migration (subsidence) is an important measure of stem fixation in the femoral bone (6) and it is an
early prognostic indicator for loosening of stems in total hip arthroplasty. However, we found that distal
migration at the last RSA examination markedly increased the odds (OR=22.5) of implant removal (Table 3).
A possible explanation for the divergent proximal and distal migration pattern may be that the load and
traction on the Ol implant during the gait cycle was transferred directly to the periprosthetic bone and was
not reduced by muscles and tendons during the swing phase as in a hip replacement. A study of the kinetics
in TFA treated with Ol implants illustrated that the maximum load on the abutment in the longitudinal axis
was 780N during the stance phase, but decreased down to -85N during the swing phase due to the traction
created by gravity on the external prosthesis (15). Even though the magnitude of the distal forces was small,
the distal forces do play a role in the causal explanation for the migration pattern of the removed implants.
The OR indicated that an increase in TT may add to the odds of implant removal. Ryd et al used the maximum
total point of motion (MTPM) in order to identify patients with continuous knee implant migration. Defining

continuous migration as MTPM >0.2mm at any follow-up at 1-2 years after surgery could identify implants at
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risk of removal with a predictive power of 85% (7). Applying the same principle on Ol implants with a TT
>0.2mm between the last two follow-ups >1 years after surgery (Table 3) indicated that 8 out of 10 implants
were at a high risk of removal.

Aseptic/septic loosening

Six fixtures and 4 abutments were removed within 5 years of follow-up. Similarly, 10 out of 15 Ol implants
(Integrum AB, Sweden) were removed by the Swedish osseointegration team during the first 4 years;
however, the causes of implant removal were not described in the paper (1). The migration pattern of the
removed Ol implants in the OPRA study was unknown (10), but the implants were all removed within the
first 2 years after S2 surgery. (10). The high number of implant removals in this study may be due to only
partial osseointegration before S2 surgery which would seem to be a consequence the Ol implants having a
limited capacity to withstand weight-bearing. In an experimental bovine GAP-model, unstable titanium
implants showed no bone ingrowth and the implant offered no resistance to push-out compared with stable
titanium implants (16). The percutaneous abutment provided an open access to the bone and increased the
risk of an ascending intramedullary infection which can be a reason for loosening. Several implant designs
have been attempted to seal off the skin implant interface and minimize the infection risk (17, 18). To reduce
the infection risk after S2 surgery, the tissue thickness around the abutment was surgically reduced. This
allowed the skin to adhere onto the bone end and for soft tissue downgrowth facing the abutment (19). Even
with this soft tissue seal, infections remain an unresolved problem (20).

Bone mineral density

Aro et al. found that hydroxyapatite-coated femoral stems subsided more in patients with
osteopenia/osteoporosis (21), and same results were found with hydroxyapatite-coated titanium alloy cups
(22). But even though the preoperative T-score was very low in the amputated hip it did not correlate with
Ol implant migration. Other unknown factors may have contributed to implant migration, e.g. infection or
aseptic loosening.

RSA and precision
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No other Ol implant RSA studies have previously presented precision estimation. The precision along the X-
and Z-axis in our study was lesser than the precision in hip stem studies using model-based RSA (SD <0.2mm)
(23, 24). Nonetheless, the y-axis precision (SD 0.06mm) was higher than with hip stems, probably because
the threads along the Ol implant assisted the CAD-model fitting in proximal/distal direction.

The main strengths of the present study are prospective follow-up on the full cohort of transfemoral
amputees with Ol implants. Limitations include the small number of patients in the cohort, and data were
missing at some time points (Table 1). However, implant stability can be evaluated acceptably with a small
study population as a consequence of the high precision of RSA (12). Moreover, by using a linear mixed
model, it was possible to handle missing data and keep all patients in the analysis. Seven patients had a high
CN (>120) indicating the bone marker configuration approached a straight line, which decrease the precision
around the rotational axis (25). This is difficult to avoid with a long slim bone model (femur), and therefore,
we focussed solely on translations.

Conclusion

Continuous migration of removed implants was measured in TT. Implant removal was associated with higher
distal implant migration compared to non-removed Ol implants. The T-scores in hips or lumbar spine did not
correlate with implant migration. Compared with other Ol implant studies a high number of implant removals
occurred and it is advisable to monitor Ol patients closely and preferably with RSA for early prediction of
implant loosening. Since only a limited number of transfemoral amputees are treated with Ol implants
worldwide and novel Ol implant designs are emerging, osseointegration teams should join in multicentre
studies to clarify complications and benefits of different Ol implant designs, and model-based RSA would be

an important tool to monitor implant fixation.
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Table 1: Patients analysed at each follow-up examination

Patient count at each interval (months after S2 surgery)

1 3 9 12 18 24 60
Patients eligible for follow up 17 17 17 16 14 11
Patient missing follow up 1 2 1 2 1 1
Implants removed 3* 3 4%*
Patients analysed 16 15 16 12 10 10

*1 abutment and 2 fixtures removed
**3 abutments and 1 fixture removed
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Table 2: Precision of RSA.

The mean value expresses the bias of the system, and the standard deviation the precision. The precision
limit is a value below or equal to the difference between two examinations occurring with a probability of
95%. Migration can only be regarded as “true migration” and not a “measurement error” when it is above

the precision limit.

Double examination (n=12)
Axis of translation X y z TT*
Mean (mm) 0.06 0.002 -0.06 0.51
SD (mm) 0.20 0.06 0.25 0.28
Precision limit** 0.39 0.11 0.49 0.56

*The total translation was calculated using the 3D Pythagorean Theorem: T

**Precision limit was calculated by multiplying SDx1.96.

[15]
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Table 3: Presentation of individual migration pattern, clinical data and outcome.

RSA data Clinical data
D Y_aMXilssgratlonﬁ Last RSA exam. CYci;\)t(.ismlgrat;:)rn Condition number Revision Cause Olilr]n;?!jnt
A 0.19 1.99 12 0.09 1.99 406 ++ Infection 21
B 0.12 0.28 24 0.08| 0.69 169 - - 36
C 0.10| 0.25 6 0.03 0.25 106 - - 37
D 0.10 1.05 3 0.10 1.05 45 ++ Infection 13
E 0.10 0.32 24 -0.05 0.28 37 - - 54
F 0.09 0.42 24 0.00| 0.13 87 - - 58
G 0.02 1.62 24 0.01 0.29 169 - - 45
H -0.02| 0.13 24 0.03| 0.16 58 + Pain 26
[ -0.05| 0.89 6 0.02| 0.89 107 + Pain 11
J -0.07 0.35 6 -0.06 0.35 85 ++ Trauma 12
K -0.15| 0.40 24 -0.06 | 0.38 222 + Pain 25
L -0.16 0.24 12 -0.10 0.24 48 ++ Infection 12
M -0.18 | 0.42 24 0.01| 0.21 125 + Pain 40
N -0.32| 0.39 24 -0.66 1.57 69 -* Pain 34
o -0.37 3.03 24 -0.82 3.36 NA ++ Infection 41
P -0.39| 0.42 12 -0.44 | 0.42 92 ++ Infection 10
Q -0.39 1.78 24 -0.30| 0.74 389 - - 54

Implants migrating above the y-axis precision limit (excessive migrators) are presented in grayscale rows;

Implant removals are highlighted with bold font;

Migration (mm) measured from baseline to the last RSA examination (months after S2 surgery);

Continuous migration (mm) measured as implant migration between the last two follow-up examinations;

Condition number where >120 indicates poor distribution of stabile/useful bone markers;

Removals, total Ol implant removal(++) or removal of abutment(+);

Cause, in terms of cause of removals

Ol implant in situ in terms of the number of months after S2 surgery the fixture or abutment remained in the patient

Patient N does not use the Ol implant due to pain, but uses instead a modified prosthetic socket, thus considered an Ol implant failure (*).
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Table 4: Migration of removed and non-removed Ol implant at last RSA examination.
Difference between the removal and the non-removal group (*); Changes from early (3 month) to late (up to 24 months) migration in the removed

group (1) and the non-removed group ().

Translations, mm Absolute migration Continuous migration
p-value p-value
Y-axis Median (IQR) Mean (95%Cl) Median (IQR) Mean (95%Cl)
Removed implants -0.15 (-0.32;-0.02) -0.13 (-0.25;-0.01) *p=0.16 -0.07 (-0.19;0.00) | -0.07 (-0.23;0.08) tp=0.19
Non-removed implants 0.09 (0.02;0.10) 0.01 (-0.20;0.21) -0.01 (-0.11;0.03) | -0.05 (-0.18;0.09) tp =0.50
TT
Removed implants 0.42 (0.35;1.05) 0.85 (0.25;1.45) *p=0.76 0.23 (0.06; 0.68) 0.55 (-0.03;1.14) tp =0.009
Non-removed implant 0.37 (0.28;1.62) 0.76 (0.02;1.53) 0.17  (0.04;0.42) | 0.31 (-0.33;0.95) tp=0.22

Abbreviations: Cl; Confidence interval, TT; Total translations, IQR; Inter quartile range
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Table 5: Preoperative BMD measurements and T-scores in the removed and non-removed group

Preoperative DXA variables Removed n=11 Non-removed n=6 p-value
BMD, g/cm? mean 95%Cl mean 95%Cl
Lumbar spine 1.18 1.01 ; 1.35 1.13 098 ; 1.28 0.64
Total hip intact side 1.05 092 ; 1.18 1.05 094 ; 1.16 0.99
Total hip amputated side 0.73 0.52 ; 0.95 0.71 0.42 ; 1.01 0.89
T-score
Lumbar spine -0.22 -1.65 ; 121 -0.60 -2.02 ; 0.82 0.70
Total hip intact side -0.16 -1.15 ; 0.83 0.00 -0.83 ; 0.83 0.81
Total hip amputated side -2.45 -4.07 ; -0.84 -2.57 -4.69 ; -0.46 0.92

Abbreviations: DXA; Dual X-ray Absorptiometry, BMD; bone mineral density; Cl; Confidence interval, TT;
Total translations
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Table 6: Spearmans rank correlation of preoperative T-score and implant migration at last RSA follow-up
examination.

Correlation with Y translations Spearmans rho | p-value
o Lumbar spine -0.20 0.45
S | Total hip intact side 0.17 0.50
= Total hip amputated side -0.07 0.77
Correlation with total translations
@ | Lumbar spine 0.18 0.48
% Total hip intact side -0.06 0.81
* | Total hip amputated side 0.01 0.95
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Figure 1: The setup of radiostereometric analysis. (A) During RSA examination the roentgen tubes are aligned at a 20° angle with the vertical plane
focusing on the fixture as the image is taken. (B) The model-based RSA 4.0 software displays the cage markers in yellow and green, bone
markers in red, and the CAD-fixture model in green fitted to the contours of the actual implant on the stereoradiographs (red lines). The Y-axis
is the yellow line aligned with the model.

[20]



Figure 2: Implant migration pattern (total translation).
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Figure 3: Implant migration pattern (Y-axis)
Ol-implants migrating above the precision limit /dashed line) are labelled according to ID in Table 3.
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Figure 4: Time-series analysis of proximal/distal and TT migration pattern of removed versus non-removed

Ol implants.
(*) Significant difference between the removed and non-removed group.
(T) Significant changes compared with early migration (3 month) in the removal group.
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Abstract

Background: Transfemoral amputees have low bone mineral density (BMD) in the residual femur and
osseointegration (Ol) implant surgery impose stress shielding around the implant. The aim of this study was
to investigate the effect of denosumab (dmab) on periprosthetic BMD and implant fixation in transfemoral
amputees operated with Ol implants.

Methods: This study was performed as a single-centre, double-blinded randomized controlled trial with 30-
month follow-up. Six males scheduled for Ol implant surgery were randomized to dmab (n=3) or placebo
(n=3) treatment. Dual energy x-ray absorptiometry (DXA) examinations and drawing of blood samples were
conducted preoperatively and at 1, 3, 6, 7, 9, 12, 18 and 30 months of follow-up. Radiostereometric images
were obtained postoperatively after 7 months. The primary outcome was change in periprosthetic bone
mineral density measured with DXA in 7 regions of interest (ROls). Secondary outcome was migration using
model-based radiostereometric analysis (RSA). Blood tests (C-telopeptide of type | collagen (CTX-1), N-
terminal propeptide of type | procollagen (PINP), osteocalcin (OC), bone-specific alkaline phosphatase (BAP),
25-hydroxyvitamin D2+D3 (vitamin D) and parathyroid hormone (PTH) were performed to assess bone
turnover. The clinical outcome was evaluated using the SF-36 and the questionnaire for persons with a
transfemoral amputation

Results: The recruitment stopped after 3 years, since merely 6 out of planned 16 patients were enrolled in
the study and no new patients were pending. Three patients completed the trial, 1 patient (placebo)
completed the 18-month follow-up, 1 patient (denosumab) completed the 3-month follow-up and 1 patient
(placebo) had the Ol implant removed at 18-month follow-up.

DXA: Depending on ROI, the change in mean (SD) periprosthetic BMD ranged from -0.22 (0.1) to 0.155 (0.01)
g/cm? in the dmab group, -0.578 (0.29) to -0.145 (0.29) g/cm? in the placebo group and the greatest
difference between the groups was 0.59 g/cm? 95%Cl (-0.09; 1.28, p = 0.07). The proximal hip BMD of the
amputated legincreased 0.03 g/cm? (0.01) in the dmab group and decreased -0.11 g/cm? (0.05) in the placebo
group, with a 0.14 g/cm? 95%Cl (0.01; 0.26, p = 0.045).

RSA: In the dmab group, the mean (SD) distal implant migration was -0.32mm (0.29) and TT was 0.79mm
(0.17), whereas the implants migrated 0.1mm (0.08) proximally and 0.54mm (0.47) TT in the placebo group.
Three out of five patients could walk 500 meters, the prosthetic use had increased and all patients reported
that their overall situation was good.

Conclusion: The trend in BMD indicates that dmab therapy preserves periprosthetic BMD at follow-up, but it
does not prevent implant migration. A larger study to examine the periprosthetic BMD changes and Ol
implant stability after dmab treatment to confirm these trends with sufficient statistical power is warranted.
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Introduction

The osseointegrated (Ol) implant system for transfemoral amputees (TFAs) provides a bone-anchored
attachment to the prosthetic leg. Two surgical procedures separated by six months are required. During stage
1 (S1) surgery the intramedullary titanium fixture (Integrum AB, Goteborg Sweden) is inserted into the
amputated femur and during stage 2 (S2) surgery the percutaneous abutment is attached to the fixture. The
abutment is connected the external prosthetic leg with a snap-lock (Figure 1) (1). TFAs have low bone mineral
density (BMD) in the residual femur bone compared to the contralateral intact bone, due to disuse
osteopenia/osteoporosis after amputation (2, 3). After Ol implant surgery, a pronounced periprosthetic bone
loss in the distal regions is observed on radiographs, however the implants remain stable (4). Generic CT-
based finite element models find a similar strain-adaptive bone remodelling pattern around the Ol implant
consistent with bone stress shielding (5, 6).

Animal studies indicate that anti receptor activator of nuclear factor-kB ligand (anti-RANKL) treatment may
reduce periprosthetic bone loss (7) and improve implant fixation (8). Papers describing the effect of anti-
RANKL treatment on periprosthetic BMD in humans are pending (9). Dmab is a human monoclonal RANKL
antibody, which inhibits the recruitment of osteoclasts and thereby it reduces bone resorption and increases
BMD. Dmab is an antiresorptive treatment approved for osteoporotic treatment and proven to reduce
fracture risk (10). The aim of this study is to compare the effect of a single dmab injection to saline injections
administered 1 months before Sl-surgery and 1 month before S2- surgery in transfemoral amputated
patients scheduled for Ol surgery with 30-months follow-up. We hypothesize that dmab is effective in
reducing bone stress-shielding around the Ol-implants and improves implant fixation compared with a
placebo group.

Method

Trial design

A randomized single-center double-blinded placebo-controlled study was conducted at the orthopaedic
department, Aarhus University hospital from 2013 to 2016. The patients, medical personnel and investigators
were blinded to the treatment. Eligibility criteria are presented in table 1. The patients were enrolled in the
project by two senior surgeons in collaboration with the co-investigator. The trial was approved from the
Danish Data Protection Agency (1-16-02-32-13), the Danish Regional Ethics Committees (1-10-72-444-12) and
the Danish Department of Health (2013081593). The trial was registered at EudraCT (2012-003574-66) and
monitored by the Good Clinical Practice unit at Aarhus University hospital.

Ol implant surgery

The Ol implant system consisted of two parts: a titanium fixture and an abutment implanted during a two-
stage surgical procedure. At stage 1 (S1) surgery, the fixture was implanted into the residual femur medulla
using a retrograde approach and left to osseointegrate for 6 months. At stage 2 (S2) surgery, the
percutaneous abutment was connected to fixture and the soft tissue around the abutment was surgically
removed. After S2 surgery, the prosthetic leg was attached to the abutment, the patients followed a 6-month
rehabilitation program and gradually increased weight-bearing on the Ol implant.

Sample size, randomization and blinding

3]



The calculation of sample size was performed on frequencies of patients reaching the primary outcome
parameter assuming a two-sided alpha of 0.05, a power of 80% and a 1:1 ratio. We expected to find a
0.15g/cm? difference between the groups under the assumption that bone mineral density would increase
0.2 g/cm?(SD=0.1) in the dmab-group and 0.05 g/cm? (SD=0.1) in the control group. These estimated changes
were based on previous studies examining the effect of bisphosphonate on periprosthetic BMD (11, 12) and
the preliminary data from the first patients treated with Ol implants at our department. With a 10% expected
dropout, a total number of 16 patients would be needed. Patients were distributed in four blocks of four
patients, randomizing a total of 16 patients in 1:1 ratio to placebo or dmab. The randomization procedure
was done by the Hospital Pharmacy, Central Denmark Region in 2013, who also delivered the test drugs in
sealed boxes. The test drug was administered by an independent nurse not associated to the project. To
maintain blinding, all persons were instructed to leave the room before the seal was broken and the patient
was instructed not to look at the syringe upon injection.

Intervention

All patients were examined for hypocalcaemia prior to treatment. The patients were injected subcutaneously
in the shoulder region using an aseptic procedure with a syringe containing 1ml of dmab solution 60mg/ml
(Prolia, Amgen) or 1ml of saline solution 9 mg/ml (Takeda pharma). The test drug was administered twice six
months apart, one month before S1-surgery and one month before S2-surgery. All patients were provided
with a daily oral supplement of 800mg calcium with 38ug vitamin D for one year.

Outcome parameters

The primary outcome was BMD (g/cm?) measured with Dual-energy X-ray Absorptiometry (DXA). The
secondary outcome was implant migration in terms of mean (SD) Y translation (mm) and total translations
(TT) of the OI implant measured with model-based radiostereometric analysis (RSA) after S2 surgery. The
tertiary outcome was changes in bone turnover markers in blood serum. Patient reported outcome was the
guestionnaire for persons with a transfemoral amputation (Q-TFA) and 36-Iltem Short-Form health survey
(SF-36). In order to investigate the local bone resorption, samples of C-telopeptide of type | collagen (CTX) in
the femoral bone proximal to the Ol implant and in the iliac crest were collected the first 3 days after S1-
surgery. CTX was tried sampled in the bone using microdialysis, but unfortunately all femoral probes were
displaced into the subcutis a short period after the patient had awakened from surgery, thus, this method
was terminated from the study.

DXA

Scans were performed preoperatively, 1, 3, 6, 7,9, 12, 18 and 30 months after S1-surgery on the GE Lunar
iDXA scanner (General healthcare, Madison WI). BMD was measured in the proximal femur (total hip) and
the AP lumbar spine (L1-L4) using standard regions of interests (ROIs). One month after S1-surgery, BMD
changes around the Ol implant was examined with a custom-designed ROl validated in a previous study (13).
The precision was determined by double examination performed six months after S2-surgery. One technician
performed all scans according to a defined protocol (13) and the analyses were performed by one observer
with the enCORE 14.10.022 software (General healthcare, Madison WI).

RSA
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Six to ten tantalum beads (@ 1.0 mm) were inserted into the cortical bone around the Ol implant with a bead
gun (Wennbergs Finmek AB, Sweden) at S1-surgery. Stereoradiographs were obtained 7 (1 month after S2-
surgery), 9, 12, 18, 30 months after S1-surgery in a standard RSA setup (14), using the RSA system (Adora
RSA; NRT, Denmark) with two-ceiling fixed, synchronized roentgen tubes (Varian Medical Systems, USA).
Both roentgen tubes were auto-positioned at a 20° angle with the vertical plane, and an unfocussed uniplanar
carbon calibration box (Box 24; Medis Specials, Leiden, the Netherlands). Stereoradiographs were direct
digital (Canon CXDI-70C, 125 um pixel pitch). The cut-off for stable bone markers was 0.35mm, and the mean
rigid body error was 0.14mm (range 0.03 to 0.32mm) and the mean condition number was 79.3 (range 39.3
to 113.9) (14). In the analysis, the same bone markers were selected at follow-up and the CAD-models of the
Ol-implant were used to calculate Ol implant migration with respect to the bone markers. Signed X-, Y-, and
Z- translations and total translations (T = W) was calculated. The Y-axis was aligned with the
longitudinal axis of the fixture and proximal migration (subsidence) was defined as positive motion, whereas
distal migration was defined as a negative motion. The precision (standard deviation) along the
translations were determined by use of double examinations in a previous study conducted at our
department (X=0.20mm, Y=0.06mm, Z=0.25mm) (15). Model-based analysis of all radiographs was
performed by one observer with Model-based RSA 4.0 (RSAcore, Leiden, The Netherlands) software.

Blood tests

Blood samples were obtained during day-time in non-fasting patients. The samples were centrifuged at 4000
RPM at 4 °C for 10 minutes and the serum was stored into 2 ml tubes and kept at —80 °C. The concentration
of bone turnover and bone metabolism markers were measured as a batch analysis.

C-telopeptide of type | collagen (CTX), parathyroid hormone (PTH), N-terminal propeptide of type |
procollagen (P1NP) and osteocalcin (OC) concentrations were determined by electrochemiluminescence
analysis (Cobas 6000 modul e601, Roche Diagnostic A/S). Calcium (Ca) was determined by absorption
spectrophotometry. 25-hydroxyvitamin D2+D3 (Vitamin D) concentration was analysed by high-performance
liguid chromatography (API 5500, AB Sciex) and bone specific alkaline phosphatase (BAP) by ELISA.

Patient reported outcomes

Electronic questionnaires were sent directly to patient emails preoperatively, and 12, 18 and 30 months after
first stage surgery. The SF-36 questionnaire was reported as a physical function (PF) and the physical
component score (PCS). Each score ranges from 0 to 100 and a higher number represents better health. The
Q-TFA described the prosthetic use, the walking distance and the patient estimated function level (range 1
to 5 and a high number represented a positive output) with prosthesis, problems with the prosthesis and the
overall situation as an amputee (16).

Termination of trial and statistics

The trial was terminated before inclusion was completed; thus, the comparison was made on a descriptive
level using the 95% confidence interval (Cl) as only a limited number of patients were included. The outcome
parameters were presented as A difference (Agirr) with 95%Cl between the groups using unadjusted p-values;
thus, the results focus on the 95%Cl and not the significance level.
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Normal distribution was assessed by qg-plots. Parametric data were analysed using t tests and reported as
means with standard deviation or range (minimum to maximum value). The data was presented in graphs up
to 30 months of follow-up; however, to include all patients in the analysis, the mean (SD) values and A
difference (95% Cl) between the groups were calculated at 6-months follow-up (primary outcome) and at 18-
month follow-up (primary, secondary and tertiary outcome).

Only the allocation letter (A or B) of each group was known during the statistical analysis and writing the
manuscript. All analyses were performed in Stata 13.1 (STATA corp., TX).

Results

The inclusion of new patients ceased in June 2016 for two reasons: Only a limited number of transfemoral
amputees were enrolled in the study after three years and no new patients were pending. Due to the logistics
and the setup of the study, it was not feasibel to continue the inclusion for another estimated six to eight
years. A total of nine patients were assessed for eligibility and six patients were randomized and included in
the analyses (Figure 2). Three patients completed the trial and the remaining were followed until 18-month
follow-up (n=2, placebo) and 3-month follow-up (n=1, dmab). One patient (placebo) had the Ol implant
removed after 18 months due to traumatic loosening. Six males, mean age 55.5 years (range 36 to 66), were
amputated due to trauma (n=2), tumour (n=2), infection (n=1) or a deep vein thrombosis (n=1) a median 15
years (range 2 to 40) ago.

Bone mineral density changes

The mean (SD) BMD change in ROl 1-7 (Figure 3) ranged from -0.152 (0.01) to 0.114 (0.17) g/cm? in the dmab
group and -0.449 (0.27) to -0.175 (0.11) g/cm? in the placebo group 6 months after S1-surgery. The Agroupui
for all BMD changes are presented in table 2. At 18-month follow-up, the BMD change in ROl 1-7 ranged from
-0.22 (0.1) to 0.155 (0.01) g/cm? in the dmab group and -0.578 (0.29) to -0.145 (0.29) g/cm? in the placebo
group. The mean proximal hip BMD on the amputated side increased 0.03 g/cm? (0.01) in the dmab group,
decreased -0.11 g/cm? (0.05) in the placebo group. The precision of BMD measurements (n=5) was
determined as root mean square % coefficient of variation (RMS %CV) on the iDXA scanner: ROl 1 to 7 ranged
from 1.6 to 4.1%, spine (L1-L4) was 0.7%, amputated proximal hip (total) was 3.6% and intact hip was 1.1%.

Radiostereometric analysis

The mean (SD) total translation was 0.79mm (0.17) in the dmab group and 0.54mm (0.47) in the placebo
group at 18-month follow-up (Figure 4). A distal Ol implant migration of -0.32mm (0.29) was measured in the
dmab group and 0.1mm (0.08) subsidence in the placebo-group at 18-months follow-up. One patient (id=6)
had a total Ol implant removal due to traumatic loosening with 1.63mm total translation between the last
two follow-up examinations (the last radiograph image was taken a few days before implant removal). The
Agroupgiss for migrations are presented in table 2.

Blood test

Preoperatively, 3 patients had low vitamin D (<50 nm/L) which was corrected within the first six months. At
6-month follow-up, the CTX in the dmab group was 0.1 pg/l (SD=0.07) and 0.33 pg/l (SD=0.09) in the placebo
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group, whereas OC was 11.2 pg/l (SD=2.4) (dmab) and 23.3 ug/I (SD=5.8) (placebo) (Figure 5). The changes
in BTMs at 18-months follow up are presented in table 2.

Patient reported outcomes

As presented in table 3 most patient reported outcome measures had improved or remained unchanged at
the last follow-up examination. One patient (ID=6) had a loose implant and did not use the external prosthetic
leg and one patient (ID=2) reported increased prosthetic use, but only walked shorter distances due to pain
in the knee of the non-amputated leg. Both patients had a decreased PF and PCS at last follow-up
examination. All patients found that their overall situation was unchanged or had improved.

Adverse events

In the dmab group, patient 1 (66 years) developed a rather large exostosis in the distal part of the residual
femur (Figure 6) a few months after S1-surgery. The patient experienced pain in the distal femur during
weight bearing and therefore he seldom used the socket-suspended prosthesis. After the second dmab
injection, patient 1 experienced acute pain in the lower leg due to ischaemia. Two weeks earlier, the patient
had experienced an ischaemic prodromal in the same leg, and was examined at another hospital, but was
clinically normal at the time. The CT angiography showed a popliteal aneurysm with a thrombosis and
excessive arteriosclerosis in the anterior and posterior tibial artery. The patient was treated with
thrombolysis and vascular surgery. Today, the patient is well without any complications from the events and
uses his Ol implant.

In the placebo group, patient 5 sustained an iatrogenic fissure in the distal femur bone at S1-surgery. The
lateral implant displacement from the femoral midline caused a thinning of the cortical bone, thus BMD in
ROI 3 and 4 could not be estimated with DXA. The patient reported pain during partial weight bearing the
first nine months after S2-surgery, but after achieving almost full weight bearing with the long prosthetic leg,
the patient no longer experience pain during walking.

Patient 6 experienced a traumatic incident that caused the prosthetic leg to rotate externally without
releasing the safety device (OPRA AXOR lI, Integrum AB, Sweden), thus the torsion was transferred to the
bone-anchored fixture. Afterwards, the abutment could rotate a few degrees from side to side, even though
it was securely attached to the fixture. Six months after the accident the patient presented a normal
radiograph of the amputated femur, however, RSA indicated aseptic loosening (Figure 4) and weight bearing
on the implant was painful. Thus, the implant was removed after 18-month follow-up.

Discussion

The aim of this trial was to investigate the effect of dmab on periprosthetic BMD and Ol implant fixation. The
trial was terminated due to recruiting issues, and therefore the number of patients was insufficient for proper
study power. In spite of that, there were indications that dmab therapy preserves the bone around the Ol
implant, however it did not seem to prevent implant migration.

DXA and RSA
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There was no difference in periprosthetic BMD between the dmab and placebo groups at 6-months or at 18-
month follow-up. However, the dmab group showed a trend towards less periprosthetic BMD loss. This trend
was supported by the increase in the proximal hip BMD of the amputated leg at 18-month follow-up.

Several previous studies investigated the antiresorptive effect of bisphosphonates around hip stems and
reported lesser BMD loss in several periprosthetic regions (11, 17, 18). These reports corresponded to the
findings in our study, assuming that the antiresorptive effect of dmab was similar. We found no difference
between the groups in Y migration or in TT. Similarly, a single dose pamidronate administered after total hip
surgery did not affect the uncemented acetabular cup migration (19), nor did a weekly dose of risedronate
affect the uncemented hip stem migration or outcome (11).

Additionally, Ol implant migration seemed to increase between 12 month and 18 months (Figure 4). Earlier
studies found that discontinuing dmab treatment caused the positive changes in BMD and BTMs to return to
the original values within 12 months due to reactivation of osteoclasts (20). After reactivation, a rebound
effect may have caused to osteoclasts to commence the bone remodelling around the Ol implant and thereby
caused additional micromotion. Micromotion in the early phases after hip arthroplasty is a strong risk factor
for later implant revision (21). Maybe dmab treatment should have been continued.

Blood tests

A small peak in BTMs was measured in most patients as a response to Ol implant surgery, which resembles
observations after hip replacement surgery (22). However, this was different in the dmab group since CTX
and OC decreased after S1-surgery. The decrease in CTX indicated that dmab administered 1 month prior to
Ol surgery reduced the osteoclastic response and less type-I collagen was degraded (23). The effect of dmab
on the OC concentration was surprising, since a low concentration may indicate a reduced bone formation.
However, a similar effect was measured in patients after a single infusion zoledronic acid after total hip
arthroplasty without a negative effect on the implant migration (18).

Patient reported outcomes and mobility examinations

The patients reported that their overall situation as an amputee was good and the prosthetic use had
increased. However, the walking distance did not seem to improve and three out of five patients could walk
500 meters or more at the last follow-up examination. This was lesser than the 2-year results reported from
39 Ol implant users, reporting that 80% rated the overall situation as an amputee was good or extremely
good, 50 % walked more than 500 meters at last follow up examination, and the PF and PCS improved (24).

Adverse events

Patient 1 experienced two adverse events, the exostosis formation was likely dmab-related, whereas the
acute ischaemic incident was not, since the arteriosclerotic vessels observed on CT-angiography was a
chronic disease develop years before the dmab injections. In patient 5 (placebo), the lateral cortical bone
was almost resorbed and a considerable decrease in BMD was measured in all ROIs during the first 6 months
after surgery, but this did not affect implant fixation at 18-months follow-up (Figure 5). Patient 6 had the Ol
implant removed after a traumatic incident. Implant removals were not an uncommon event, a recent study
reported that the two-year survival of Ol implants was 92% (25) and an earlier study reported up to 20 Ol
implant removals in 100 patients during 18 years of follow-up (1). Patients 6 also suffered from severe
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periprosthetic bone loss during the first 6 months after surgery, but the implant did not migrate according to
RSA until after the traumatic incident (Figure 4). Besides bone stress-shielding the changes in periprosthetic
BMD could also be associated with aseptic loosening (26). If the implant was only partially osseointegrated
the ability to withstand loading or traumatic incidents may be severely reduced (27).

Limitation

Due to a very small study population, the changes measured in most groups were non-significant. Even
though this was a randomized controlled study the results and trends should be interpreted with caution.

Conclusion

There was no statistically significant difference in periprosthetic BMD change between dmab or placebo
treatment in transfemoral amputees with an Ol implant, however there was a trend that dmab treatment
preserved periprosthetic BMD at follow-up.

The Ol implant migration pattern was similar in both groups; except that one patient in the placebo group
had the Ol implant removed after a traumatic incident and for that reason had high last-follow-up implant
migration. 5 out of 5 patients reported their overall situation as an amputee to be good after Ol implant
surgery. The results are interesting and we encourage a larger study to investigate the effects of dmab on
periprosthetic BMD and Ol implant fixation.
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Figure 1: The osseointegration implant
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Figure 2: CONSORT 2010 Flow Diagram
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Figure 3: Change in periprosthetic BMD in ROl 1-7
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[14]



Figure 4: Ol implant Y translation and total translation
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Figure 5: Bone turnover marker and bone metabolism concentrations
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Figure 6: Radiographs of Ol implants after adverse events.

A: Radiograph of patient 1 showing the distal exostosis six months after S1-surgery. B: The lateral displacement of the fixture in patient 5 and the
thinning of the lateral cortical bone after 18 months. C: No radiographic signs of implant loosening in patient 6 six months after an accident.
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Table 1: Inclusion and exclusion criteria.

Inclusion criteria

Age between 18-70 years

Scheduled for Ol-implant surgery

Body mass index <30

Female patients of childbearing age must produce a negative
pregnancy test and use effective contraception

Informed consent

Exclusion criteria

Diabetes with complication

Atherosclerosis

Smoking

Drug abuse

Treatment with NSAID or cytostatic

Active cancer

Liver or kidney insufficiency

Dementia

Hip flexion contracture on the affected side >10 degrees

Body weight >100kg

Hypocalcaemia

Contraindications to denosumab
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Table 2: Mean difference between the denosumab and placebo group.

Mean Lower Upper Unadjusted
(adiff)  95%C1  95%Cl p-value*
BMD range ROI 1-7 (g/cm?)
Lower range (6m) 0.08 -0.26 0.42 0.5
Upper range (6m) 0.22 -0.06 0.5 0.09
Lower range (18m) 0.35 -0.64 1.35 0.34
Upper range (18m) 0.59 -0.09 1.28 0.07
Hip BMD (g/cm?) (18m)
Amputated side 0.14 0.01 0.26 0.045
Intact side -0.02 -0.17 0.12 0.65
Spine BMD (g/cm?) (18m)
| L1-14 | 003 -013] 007 0.43
Model-based RSA (mm) (18m)
Y-translation -0.42 -0.94 0.09 0.08
Total translation 0.24 -0.9 1.39 0.55
Blood tests (18m)
PINP (ug/L) 2.9 -78.3 84.1 0.9
CTX (pg/L) -0.04 -0.24 0.16 0.48
BAP (U/L) 3.3 -30.8 24.2 0.66
OC (ug/L) -8.5 -42.6 25.6 0.4
Vitamin D (nmol/L) -5.5 -64.2 53.2 0.73
PTH (pmol/L) -1.9 -11.1 7.3 0.46

The p-values were not adjusted for multiple comparison; thus, the interpretation
should focus on 95%CI.
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Table 3: Patient reported outcomes before Ol surgery and at last follow-up examination.

Patient reported outcomes before S1-surgery (with prosthetic socket)
Prosthetic use Walking distance with a prosthetic leg SF-36
Prosthetic | Prosthetic | Overall

id | Days/week | Hours/day | 10m | 50m | 200m | 500m | 2km | function | problems | situation | PF | PCS

1 7 0-3 | |t ++ + 2 3 3 75 | 411

2 6 0-3 +++ |+ +++ - - 1 4 3 50 | 44.1

3 5 7-9 +H+ | + - - 2 4 4 35 | 404

4 7 10-12 +H+ | + - - 1 5 2 90 | 38.3

5 7 >15 4+ | ++ + - 4 3 4 50 | 35.4

6 7 10-12 +H+ | +++ +++ + 3 3 3 70 | 52.3

Patient reported outcomes at last follow-up examination (with Ol implant)
Prosthetic use Walking distance with a prosthetic leg SF-36
Follow- Prosthetic | Prosthetic | Overall

id up Days/week | Hours/day | 10m | 50m | 200m | 500m | 2km | function | problems | situation | PF | PCS
1 30 7 13-15 +H+ | ++ + + 4 2 4 90 | 43.7
2 30 6 4-6 ++ - - - - 2 2 4 20 | 30.1
3 0 The patient has not completed follow-up examinations yet

4 30 >15 +++ | +++ ++ + + 4 2 90 | 52.1
5 18 7 >15 +++ | 4+ ++ + - 3 3 55 | 425
6| 18* 1 0-3 - - - - - 1 5 60 | 41.9

Patients treated with denosumab are presented in grayscale rows. Improved or unchanged outcomes at

the last follow-up examination are highlighted with bold font. Total Ol implant removal (*).

Prosthetic use is reported as number of days a week and number of hours a day. Walking distance with a

prosthetic leg during the last three months is reported as (+++) distance walked on a daily basis, (++)

several times a week, (+) less than one time a week and (-) never.

Prosthetic function in terms of patient estimated function level with current prosthesis in terms of 1 = very
low, 2 = low, 3 = medium, 4 = high 5 = very high. Prosthetic problems with current prosthesis in terms of 1 =

very big, 2 = big, 3 = medium, 4 = low 5 = very low. Overall situation as amputated patient in terms of 1 =

very bad, 2 = bad, 3 = medium, 4 = good 5 = very good. SF-36 physical function and physical component

score
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