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In four studies, this thesis investigates periprosthetic bone metabolism and the clinical utility of
advanced imaging in total joint arthroplasty, with the overall aim of evaluating the biological
and densitometric effects of pharmacological bone modulation following total hip arthroplasty
(THA) and assessing the diagnostic performance of positron emission tomography/computed
tomography (PET/CT) in evaluating painful hip and knee arthroplasties.

Study I examined systemic immunological and bone-related biomarkers after denosumab
treatment following THA, finding that denosumab was linked to significant upregulation
of receptor activator of nuclear factor kB ligand (RANKL) and reduced expression of
tumour necrosis factor receptor superfamily member 9 (TNFRSF9), suggesting compensatory
osteoclastogenesis stimulation potentially driving the ‘rebound phenomenon’ observed after
treatment discontinuation.

Study II evaluated the long-term impact of denosumab on periprosthetic bone mineral density
(pBMD) following THA. At the five-year postoperative follow-up, no significant differences
in femoral or acetabular pPBMD were observed between the denosumab and placebo groups.
These findings suggest that early densitometric benefits of short-term antiresorptive therapy
are transient and do not confer sustained protection against periprosthetic bone loss in this
population.

Study III assessed the diagnostic accuracy of fluorine-18 sodium fluoride (18F-fluoride)
PET/CT for detecting aseptic loosening in painful hip and knee arthroplasties. The technique
demonstrated high accuracy and reproducibility, particularly for THA, but its performance was
reduced for certain components in total knee arthroplasty.

Study IV compared 18F-fluorodeoxyglucose (18F-FDG) and 18F-fluoride PET/CT for
diagnosing periprosthetic joint infection (PJI) using EBJIS criteria as the reference standard.
18F-FDG PET/CT demonstrated superior diagnostic accuracy, especially for THA stems
and tibial components in knee arthroplasties, whereas 18F-fluoride PET/CT showed limited
discriminatory capacity. Quantitative SUVmax measurements were reproducible across most
implant components, supporting their potential role in standardised diagnostic assessment.

In conclusion, short-term denosumab treatment failed to confer sustained preservation of
periprosthetic bone after THA. It may induce biological responses—specifically, RANKL
upregulation—that contribute to rapid bone loss after treatment discontinuation. PET/CT offers
valuable diagnostic support in painful arthroplasties, with 18F-fluoride PET/CT most effective
for assessing mechanical loosening and 18F-FDG PET/CT demonstrating superior accuracy for
detecting PJI.
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1 Introduction

1.1 Osteoarthritis

Osteoarthritis (OA) is a degenerative disease affecting both the articular car-
tilage in the joint and the underlying subchondral bone. Characterised by the
progressive loss of cartilage, joint space narrowing, subchondral sclerosis, and
synovial inflammation, OA is increasingly understood as a pathology involv-
ing the entire joint unit (Hunter & Bierma-Zeinstra, 2019). Clinical symptoms
typically include stiffness, reduced range of motion, and varying degrees of
joint pain. Notably, a disjunction often exists between clinical and radiological
findings; many patients with radiographic evidence of OA remain asympto-
matic, while others experience symptoms that fluctuate in a cyclical pattern.
The prevalence of hip OA correlates strongly with age, peaking in the cohort
over 85 years, where the disease affects approximately 10% of the population
(Danielsson & Lindberg, 1997). While the overall prevalence is similar be-
tween sexes, the incidence varies significantly by anatomical location.

Primary OA is a multifactorial, whole-joint pathology characterised by pro-
gressive cartilage degradation and remodelling of the subchondral bone. Its
aetiology is driven by an interplay of advanced age, genetic predisposition,
and obesity. Clinically, primary OA often presents as a polyarticular condi-
tion, frequently involving the weight-bearing joints of the hips, knees, and
spine, as well as the distal interphalangeal joints of the fingers (Hatzikotoulas
et al., 2025).

Secondary OA arises from specific underlying aetiologies or predisposing
factors that precipitate joint damage, such as traumatic injury, congenital joint
abnormalities, or systemic inflammatory conditions like rheumatoid arthritis.
This form of OA is usually localised to specific joints that have been subjected
to prior mechanical stress or inflammatory processes (Bijlsma et al., 2011).
The first line of OA management prioritises conservative lifestyle interven-
tions, including weight reduction, physiotherapy, and modification of physical
activity levels. When necessary, these non-pharmaceutical approaches are
supplemented with pharmaceutical treatments, primarily analgesics and anti-
inflammatory medications.
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1.1.1 Inflammatory changes in OA

Because of the absence of systemic manifestations and the absence of neutro-
phils in the synovial fluid, OA was historically categorised as a non-inflam-
matory arthropathy (Vlad et al., 2011). This classification stands in contrast to
traditional inflammatory arthritides, such as rheumatoid arthritis (RA). RA is
a chronic autoimmune disorder in which the immune system targets the syno-
vium—the inner lining of the joint capsule—precipitating persistent inflam-
mation, progressive joint destruction and, ultimately, significant structural de-
formity.

In RA, synovitis reflects a chronic autoimmune process in which a loss of
immune tolerance triggers persistent immune activation. This state is sus-
tained by an imbalance between pro-inflammatory cytokines—notably tu-
mour necrosis factor [TNF]-a and interleukin [IL]-1— and anti-inflammatory
mediators, such as IL-10 and soluble TNF receptors, which collectively drive
chronic synovial inflammation and progressive tissue degradation. These pro-
inflammatory cytokines are primarily secreted by activated synovial macro-
phages, especially at the cartilage-pannus junction. As macrophage-derived
TNFua is the pivotal mediator of the disease, its neutralisation can effectively
reverse synovitis and arrest the progression of structural joint damage
(Brennan & Mclnnes, 2008).

Nevertheless, as previously noted, the presence of a significant inflamma-
tory component—manifesting clinically as joint swelling, stiffness, and
pain—is now well recognised in the pathogenesis of OA. Pro-inflammatory
cytokines, chemokines, and other inflammatory mediators are synthesised not
only within the synovial tissue but also by the chondrocytes themselves; these
markers are detectable within the synovial fluid of OA patients (Goldring &
Otero, 2011).

At the onset of OA, chondrocytes respond via stress- and inflammation-
induced signalling pathways, leading to cellular dysfunction, apoptosis, and
the upregulated expression of pro-inflammatory and catabolic genes. These
include nitric oxide synthase-2 (NOS2), cyclooxygenase-2 (COX2), matrix
metalloproteinase (MMP)-13, and a disintegrin and metalloproteinase with
thrombospondin-1 motifs (ADAMTS)- 4 and 5. Simultaneously, synovial in-
flammation is characterised by the infiltration of mononuclear cells into the
synovial membrane and the local secretion of pro-inflammatory mediators,
such as IL-1B and TNF-a (Bondeson et al., 2010; Goldring & Otero, 2011).

Matrix metalloproteinases and cysteine cathepsins B and S, alongside IL-
6, are detectable within OA synovial fluid samples. However, their concentra-
tions are significantly lower than those observed in RA patients, a disparity
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that demonstrates the more pronounced and aggressive inflammatory pro-
cesses characteristic of the RA joint environment (Pozgan et al., 2010).

Despite substantial advances in our understanding of inflammatory media-
tors in OA over the past decade, further research is needed to elucidate how
these factors disrupt homeostasis, ultimately leading to matrix destruction and
chondrocyte apoptosis. When subjected to stress or inflammatory stimuli, OA
chondrocytes synthesise a range of matrix-degrading enzymes, notably met-
alloproteinases and aggrecanases; the dysregulated expression of these en-
zymes is a primary driver of cartilage degradation. However, the overlapping
signalling pathways shared by inflammatory and biomechanical stress com-
plicate efforts to determine whether inflammatory mediators act as primary or
secondary regulators of joint damage. Identifying early biomarkers and novel
therapeutic targets remains essential to developing more effective diagnostic
and treatment strategies for OA (Goldring & Otero, 2011).

1.1.2 Total hip arthroplasty

In 1961, Sir John Charnley in Wrightington, Manchester, revolutionised the
management of end-stage hip OA by introducing the low-friction artificial
joint—the first modern total hip arthroplasty (THA) (Charnley, 1960).

1.1.2.1 Design and Fixation Mechanisms

A THA requires two primary components fixed to the host bone: the femoral
stem and the acetabular cup. In contrast to Charnley's original monobloc de-
sign, contemporary femoral stems are largely modular. This modularity allows
for a variety of sizes, caput-collum-diaphyseal (CCD) angles, neck lengths,
and offsets, enabling the surgeon to restore the patient’s native anatomy with
high precision. Fixation of these components is achieved either through bone
cement (polymethylmethacrylate, PMMA) or via direct osseointegration. The
latter requires a “press-fit” design to ensure primary stability and minimise
micromotion during the initial postoperative months.

1.1.2.2 Materials and Osseointegration

Stem and cup designs have evolved significantly to address early challenges
such as infection and aseptic loosening. To overcome initial issues with ce-
ment failure, porous coatings of cobalt-chrome, stainless steel, and titanium
were introduced to facilitate biological fixation. Furthermore, surface materi-
als that mimic bone architecture, such as calcium phosphates, were introduced
in the 1980s to promote bone ingrowth and enhance initial stability (Furlong
& Osborn, 1991; Geesink et al., 1987). Hydroxyapatite (HA) is a prominent
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example of these materials; it may accelerate ingrowth and increase the like-
lihood of overbridging significant bone-to-implant gaps.

1.1.2.3 Clinical Stability and Complications

The long-term success of the implant is intricately linked to its initial migra-
tion pattern. Kérrholm et al. (1997) demonstrated that femoral stem subsid-
ence or proximal migration of the acetabular cup exceeding 1.0-2.0 mm is a
strong indicator of an increased risk for early or intermediate-term revision.
Despite these advancements, two major complications were identified in early
porous and experimental coatings. First, non-circumferential porous titanium
coatings were associated with osteolysis—a wear-related process—Ilikely
caused by joint fluid and debris infiltrating the medullary canal (Thanner et
al., 1999). Additionally, fully coated stems often led to proximal periprosthetic
bone loss, a phenomenon known as "stress shielding," in which load is pre-
dominantly transferred to the distal bone (Engh et al., 1987, 1992).

1.1.3 Total knee arthroplasty

The modern era of total knee arthroplasty (TKA) began in the mid-20th cen-
tury, marked by a pivotal transition from constrained, hinged prostheses to
less constrained condylar designs. This shift established the fundamental prin-
ciples underlying contemporary knee replacement surgery (Shiers, 1954;
Walldius, 1957). A critical conceptual advancement was the introduction of
the “gliding principle,” in which a metallic femoral component articulates
against a polyethylene (PE) tibial surface. This dual-surface articulation re-
mains the hallmark of modern TKA design, mimicking the knee joint's natural
rolling and gliding kinematics.

Contemporary TKA systems involve the resurfacing of the distal femoral
and proximal tibial articulating surfaces with distinct, non-linked components.
These systems are typically classified according to the management of the
posterior cruciate ligament (PCL) and the articulation mechanism, namely
fixed-bearing or mobile-bearing designs (Affatato, 2015). Over recent dec-
ades, implant development has been primarily directed towards mitigating PE
wear, particulate debris, periprosthetic osteolysis, and aseptic loosening.
These advancements have been achieved through the refinement of implant
geometry and significant innovations in PE material properties, such as the
introduction of highly cross-linked polyethylene (Argenson et al., 2012;
Buechel & Pappas, 1986; Insall et al., 1982).

Ultra-high-molecular-weight polyethene (UHMWPE) was established as
the standard bearing material, subsequently followed by the introduction of
highly cross-linked and antioxidant-stabilised PE. These innovations have
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significantly reduced wear-related complications and improved the long-term
longevity of the implant (Kurtz et al., 2011).

In TKA, cemented fixation using PMMA remains the gold standard; how-
ever, recent evidence suggests that cementless fixation may yield comparable
clinical outcomes in selected patient populations (Meneghini & Hanssen,
2008; Prasad et al., 2020). This stands in marked contrast to THA, where ce-
mentless fixation has become the predominant approach internationally.

1.1.4 Inflammatory Responses Following Joint Arthroplasty

Although joint replacement surgery has become a highly standardised inter-
vention, our understanding of its systemic and local influence on the inflam-
matory response remains relatively limited. In a prospective longitudinal co-
hort study, Cassuto et al. (2018) investigated the inflammatory cascade fol-
lowing THA. Their findings revealed a pronounced initial surge in pro-inflam-
matory cytokine expression, marking the primary peak in the immediate
postoperative inflammatory profile.

Despite these insights into the immediate post-THA inflammatory dynam-
ics, a significant gap remains in the literature regarding the broader, longitu-
dinal impact of joint replacement surgery on inflammatory markers. Further
research is needed to elucidate the long-term patterns and clinical implications
of chronic inflammation following arthroplasty. Specifically, it remains un-
clear how these sustained inflammatory profiles may influence critical out-
comes, such as biological implant osseointegration, periprosthetic bone re-
sorption, and the subsequent risk of aseptic loosening.

1.2 Bone Metabolism

Bone is a highly dynamic tissue that undergoes continuous remodelling
through a precise equilibrium between formation and resorption. This home-
ostatic balance is essential for maintaining both structural integrity and the
metabolic functions of the skeleton. Bone is composed of a cellular compo-
nent embedded within a calcified extracellular matrix. The three primary cell
types include osteoblasts, responsible for bone formation; osteoclasts, which
facilitate bone resorption; and osteocytes. The latter are derived from osteo-
blast lineage and constitute over 90% of the cells in the adult skeleton
(Sommerfeldt & Rubin, 2001). Osteocytes function as the primary mecha-
nosensors of bone, orchestrating the spatial and temporal recruitment of cells
for remodelling—a regulatory mechanism conceptually described as the
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“mechanostat” (Burger & Klein-Nulend, 1999; Frost, 1987). The extracellular
matrix comprises approximately 30% organic components (predominantly
type I collagen) and 70% inorganic minerals (HA) (Olszta et al., 2007).

According to Wolff’s law, bone architecture adapts dynamically to the me-
chanical loads to which it is subjected; specifically, mechanical forces exert a
significant influence over the processes of bone resorption and formation.
Consequently, bone mineral density (BMD) decreases in regions of “unload-
ing” and increases in response to mechanical loading (Frost, 1994). This adap-
tive remodelling ensures that bone mass is strategically distributed to meet
functional demands.

Bone remodelling is a lifelong process that depends on the physiological
balance between osteoblastic and osteoclastic activity. An imbalance charac-
terised by predominant osteoclast-mediated resorption leads to a net reduction
in bone mass, a phenomenon frequently observed in postmenopausal women
and elderly men (osteoporosis). Factors such as systemic osteoporosis (char-
acterised by low BMD) and the biological effects of ageing significantly di-
minish skeletal strength and increase the risk of fracture (Bolamperti et al.,
2022; Cummings et al., 1993; Schott et al., 1998). This remodelling occurs
within “basic bone multicellular units” and is notably more metabolic and ac-
tive in trabecular bone than in cortical bone. Furthermore, osteoblasts initiate
this cycle by secreting factors that activate osteoclasts to resorb bone.

The interaction mediates the activation and regulation of osteoclasts
through the interaction between receptor activator of nuclear factor kappa-B
(RANK) and its ligand, RANKL. Expressed on osteoblasts and stromal cells,
RANKL binds to RANK on the surface of osteoclast precursors to promote
differentiation. This process is tightly regulated by osteoprotegerin (OPG), a
decoy receptor that binds RANKL, preventing RANK interaction and inhibit-
ing osteoclastogenesis.

TNF-a contributes to bone remodelling by enhancing RANKL expression
and directly stimulating osteoclast differentiation, thereby increasing bone re-
sorption in inflammatory conditions. In contrast, TNFRSF9 (also known as 4-
1BB) is a member of the TNF receptor superfamily that can inhibit osteoclast
formation and promote osteoblast differentiation, thus playing a protective
role in bone metabolism (Figure 1) (Kong et al., 1999; Lam et al., 2000).

Sclerostin, a glycoprotein produced primarily by osteocytes, negatively
regulates bone formation by antagonising the Wnt signalling pathway, which
is essential for osteoblast activity. Sclerostin expression is upregulated during
mechanical unloading and ageing, contributing to reduced bone formation and
an increased risk of fracture (Winkler, 2003).
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Figure 1 The RANKL/RANK/OPG signalling pathway in osteoclastogenesis. Mes-
enchymal stem cell (MSC)-derived osteoblasts express RANKL, which binds to its
receptor, RANK, on haematopoietic stem cell (HSC)-derived pre-osteoclasts to drive
differentiation and activation. Osteoprotegerin (OPG), a decoy receptor secreted by
osteoblasts, competitively binds RANKL, thereby inhibiting RANK-mediated osteo-
clastogenesis and maintaining bone homeostasis.

MSC, mesenchymal stem cell; HSC, haematopoietic stem cell; RANK, receptor acti-
vator of nuclear factor kB; RANKL, receptor activator of nuclear factor kB ligand;
OPG, osteoprotegerin.

During the resorption phase of bone remodelling, coupling factors are secreted
to stimulate and recruit osteoblasts to the resorption site to initiate bone for-
mation. Once the absorption lacuna is filled with a volume of bone equivalent
to that which was absorbed, the remodelling process concludes with the min-
eralisation of the new bone matrix (Sommerfeldt & Rubin, 2001).

Periprosthetic BMD (pBMD) loss around the acetabular cup and femoral
stem is commonly observed after THA (Digas et al., 2006; Nysted et al.,
2011). While initially linked to inflammation resulting from postoperative
trauma, this reduction in pBMD is primarily driven by subsequent osteoclast
activation. A principal cause is stress shielding, arising from the disparity in
stiffness between implant materials and native bone. This altered mechanical
loading triggers a cascade that reduces pPBMD through osteoclastic bone re-
sorption.

Beyond these mechanical factors, wear represents the gradual abrasion of
material from implant surfaces, resulting from mechanical friction and move-
ment between components, particularly in hip and knee prostheses. Over time,
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this process generates microscopic debris from materials such as PE, metal,
and ceramics, which can trigger a local inflammatory response. These wear
particles further exacerbate bone loss by enhancing osteoclastic activity and
driving periprosthetic osteolysis.

The type of fixation—whether cemented or uncemented — influences
these processes (Sumner, 2015). While the dynamics of pBMD around trabec-
ular acetabular implants remain poorly understood, evidence suggests that
pBMD decreases regardless of fixation method (Digas et al., 2006; Lazarinis
et al., 2014). In uncemented THA, a clear link exists between periprosthetic
osteolysis and acetabular failure, primarily driven by the inflammatory re-
sponse to PE liner wear debris (Hallan et al., 2006; Thanner et al., 1999). This
osteolysis, characterised by localised bone resorption, is triggered by an im-
mune reaction to wear particles; macrophages attempt to phagocytose these
particles, inciting chronic inflammation. This, in turn, activates osteoclasts to
resorb bone at the bone—implant interface, potentially resulting in aseptic loos-
ening and implant failure (Harris, 1995). Nevertheless, the long-term clinical
relevance of proximal pBMD loss and osteolysis specifically around
uncemented cups remains unclear (Ollivere et al., 2012).

Proposed regimens to counter pPBMD loss include the use of antiresorptive
drugs such as bisphosphonates; however, these have shown only transient pos-
itive effects on pPBMD (Friedl et al., 2009; Muren et al., 2015; Skoldenberg et
al., 2006).

1.2.1 Stress shielding and influence on bone mineral density

The load exerted on the leg during weight-bearing is transferred across the
joint to the femoral implant and subsequently to the femoral bone. According
to Wolff’s law, bone adapts to the mechanical loads to which it is exposed;
accordingly, unloaded bone is resorbed through the continuous bone remod-
elling process, inevitably leading to a loss of BMD. Conversely, the regions
of bone that sustain the highest loads will increase in density. Unfortunately,
all orthopaedic implants alter load transfer, resulting in specific areas of BMD
loss, a phenomenon known as stress shielding. Variations in implant shape
and material properties influence this phenomenon to varying degrees,
prompting manufacturers to develop designs that minimise stress shielding.
Around the acetabulum, pBMD is commonly assessed using the classifica-
tion described by Digas et al., which divides the periacetabular bone into five
distinct regions known as the Digas zones (Digas et al., 2006). These zones
were developed to standardise the evaluation of bone remodelling around the
acetabular component following THA, particularly for use with Dual X-ray
absorptiometry (DXA) measurements. The five Digas zones are distributed
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circumferentially around the acetabular cup and represent anatomically dis-
tinct regions of the periacetabular bone. Zone 1 is located superiorly; zones 2
and 3 are positioned anteriorly and posteriorly, respectively, while zones 4 and
5 are situated inferiorly around the acetabular component (Figure 2). This
zonal division enables regional assessment of pPBMD changes over time and
facilitates comparisons among implant designs, fixation methods, and loading
conditions.

Figure 2 Representative dual-energy X-ray absorptiometry (DXA) scan illustrating
the five periprosthetic acetabular regions of interest (ROIs) according to the protocol
described by Digas et al. Reprint with permission from Kiritopoulos et al. (2022)

Gruen zones are specific regions around the femoral stem of a hip prosthesis
used to assess the implant's fixation and stability on radiographs. These zones
were first described by Dr Thomas A. Gruen in 1979 to standardise the anal-
ysis of radiographic images following THA. There are seven Gruen zones on
the femoral side, numbered from 1 to 7, which are distributed around the fem-
oral stem. The sequence begins at the proximal lateral aspect (zone 1) and
moves from the greater trochanter distally along the lateral side of the tip of
the stem (zone 4) before continuing medially and proximally towards the
lesser trochanter (zone 7) (Figure 3).

21



Figure 3 Periprosthetic femoral bone mineral density (pBMD) analysis. The dual-
energy X-ray absorptiometry (DXA) scan demonstrates the seven periprosthetic re-
gions of interest (ROIs) according to the classification by Gruen et al. Reprinted with
permission from Nystrom et al. (2019)

Proximal pBMD loss is typically observed in Gruen zones 1, 6, and 7, while
gains may occur in zones 3, 4, and 5, as a result of the above-described bio-
logical mechanisms (Huiskes, 1990). By altering the proximal coating, man-
ufacturers intend to mitigate the effects of Wolff’s law and reduce bone ab-
sorption in the proximal femur. Despite these design modifications, calcar
stress shielding remains a significant challenge, particularly with uncemented
stems (Huiskes, 1990). Minimising stress shielding is a fundamental objective
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to preserve the proximal femoral bone stock and facilitate future revision sur-
gery (Skoldenberg et al., 2006).

1.2.2  Aseptic loosening

Aseptic loosening remains the most prevalent indication for revision surgery
following THA and TKA (Bozic et al., 2015; Khan et al., 2016). In Sweden,
approximately 4,300 THA and total TKA revision procedures are performed
annually (W-Dabhl et al., 2025). Similarly, in the United States, over 120,000
revision THA and TKA procedures were reported in 2014, with projected in-
creases of 43—70% for revision THA and 78-182% for revision TKA by 2030
(Schwartz et al., 2020). The indications for revision vary over time; while
periprosthetic joint infection (PJI) is more prevalent in the early postoperative
period, aseptic loosening remains the primary cause of first-time THA revi-
sion, according to the Swedish Arthroplasty Register, followed by infection,
periprosthetic fracture, and dislocation or instability.

1.2.3 “Particle disease”

Articulating motion in joint prostheses causes wear of implant materials and
the subsequent generation of particulate debris. The size, shape, and compo-
sition of these wear particles influence the host immune response. Such parti-
cles vary not only in material—compromising PMMA, PE, metals, or ceram-
ics—but also in size, ranging from nanometres to micrometres. Each material
type and size distribution exerts distinct biological effects on the surrounding
tissues.

PMMA nparticles are typically larger than those generated around
uncemented implants. While these larger particles may induce a moderate in-
flammatory response via macrophage phagocytosis (Sun et al., 2006), the
overall osteolytic response to cement debris is generally less aggressive than
that elicited by smaller particles, such as those derived from PE. Although
cement particles can still lead to bone resorption and subsequent implant loos-
ening, this process tends to progress more slowly. Moreover, the cement man-
tle distributes mechanical load and reduces micromotion at the bone-implant
interface, which may mitigate wear in the short term.

PE particles are highly biologically active, especially in the submicron
range (0.1 to 1 micrometre). These particles trigger the innate immune system
upon being phagocytosed by macrophages. This phagocytic process induces
the release of pro-inflammatory cytokines, including TNF-a, IL-1, and IL-6
(Gallo et al., 2002; Purdue et al., 2007). These cytokines initiate a cascade of
inflammatory signals that recruit and activate additional immune cells,
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sustaining a persistent, low-grade inflammatory state—a condition often re-
ferred to as a chronic foreign body reaction.

Metal particles, particularly those in the nanometre range, can induce both
local and systemic inflammatory responses. These are similarly phagocytosed
by macrophages, triggering the release of reactive oxygen species (ROS) and
pro-inflammatory cytokines. Additionally, metal ions released from these par-
ticles may exert toxic effects on surrounding tissues and can induce hypersen-
sitivity reactions in susceptible patients. Larger metal debris can cause direct
mechanical damage, further exacerbating wear and particle generation. Metal
debris is also associated with clinical conditions such as metallosis, which can
lead to extensive tissue necrosis and aseptic loosening (Gallo et al., 2013;
Goodman & Gallo, 2019).

Activated osteoclasts resorb bone tissue surrounding the prosthesis, leading
to the formation of resorption pits and the subsequent weakening of the bone-
implant interface. This progressive bone loss undermines mechanical stability,
ultimately leading to aseptic loosening driven by periprosthetic osteolysis.
Moreover, inflammatory cytokines not only activate osteoclasts but also im-
pair osteoblast function, thereby suppressing bone formation. This results in a
profound imbalance between resorption and deposition, which further exacer-
bates periprosthetic bone loss. Within this chronic inflammatory environment,
fibrous tissue may be deposited in preference to bone; the resulting fibrous
membrane lacks the requisite mechanical strength and further compromises
the long-term stability of the implant (Carver et al., 2017).

1.2.4 Mechanically induced osteolysis: fluid pressure and
supraphysiological loading

In addition to particle-induced osteolysis, mechanical instability has been pro-
posed as a significant contributory mechanism in aseptic loosening. Insuffi-
cient primary fixation and early micromotion can generate pressure fluctua-
tions and high interfacial fluid flow; these mechanical stimuli are capable of
inducing inflammatory signalling and bone resorption, even in the absence of
wear particles (Aspenberg & Herbertsson, 1996; Fahlgren et al., 2010;
Skripitz & Aspenberg, 2000).

Transcriptomic analyses have demonstrated that mechanical instability and
particulate stimuli elicit largely overlapping inflammatory gene-expression
patterns, suggesting convergence on shared osteolytic pathways rather than
distinct biological mechanisms (Amirhosseini et al., 2017). At the cellular
level, supraphysiological mechanical loading has been shown to promote os-
teoclastogenic signalling in both murine and human progenitor cells, mediated
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in part by fluid shear stress—induced activation of mechanosensitive pathways
(Bratengeier et al., 2020, 2022).

Importantly, these mechanobiological mechanisms are considered most
relevant in early-stage cases or in specific settings and are unlikely to account
for the majority of clinically observed aseptic loosening, which typically de-
velops later and is strongly associated with wear particle—induced osteolysis.
Instead, mechanical instability may function as an initiating or permissive fac-
tor, increasing susceptibility to subsequent particle-driven bone loss, particu-
larly in uncemented implants.

1.3 Prosthetic joint infection

PJ1 is a severe complication that occurs when microorganisms—typically bac-
teria—colonise the surface of a joint prosthesis or invade the surrounding tis-
sue. PJI often leads to debilitating pain, persistent inflammation, and loss of
joint function; accordingly, it remains one of the leading causes of failure in
joint replacement surgeries.

PJI poses a significant challenge to healthcare systems due to its disabling
impact on patients and the requirement for invasive treatments, which carry a
risk of serious adverse events. Accurate diagnosis is essential for effective
management, and extensive efforts have been made to establish standardised
criteria for defining PJI. The Musculoskeletal Infection Society (MSIS) intro-
duced a definition in 2011, which was later refined and subjected to an inter-
national consensus review by the International Consensus on Musculoskeletal
Infection (ICM) in 2013. That same year, the Infectious Diseases Society of
America (IDSA) released diagnostic guidelines developed by an international
expert group.

More recently, a new weighted-score definition for PJI was proposed and
validated; however, it received support from only 68% of delegates at the 2018
ICM meeting and was not endorsed by the MSIS or the European Bone and
Joint Infection Society (EBJIS). While these diverse definitions have under-
scored the importance of accurate diagnosis and provided reference standards
for clinical and diagnostic studies, no single definition has been universally
accepted as the ‘gold standard’ in clinical practice. This lack of consensus is
likely due to the complexity of diagnostic algorithms, geographical variations
in medical practice, the cost of specific tests, and ongoing debates about the
accuracy of certain diagnostic methods.

A new definition of PJI, developed by the EBJIS, was recently introduced
to enhance diagnostic accuracy and consistency while addressing the limita-
tions of previous criteria (McNally et al., 2021). Designed to be more practical
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and adaptable to diverse clinical settings, the EBJIS criteria incorporate both
clinical and laboratory findings through a three-tiered diagnostic approach:
‘Infection Confirmed’, Infection Likely’, and ‘Infection Unlikely’. This
framework considers factors such as the presence of a sinus tract, microbio-
logical evidence, histopathology, and serum and synovial biomarkers. Ulti-
mately, the EBJIS definition provides a clear, pragmatic tool for diagnosing
PJI, thereby improving patient outcomes and facilitating more consistent re-
search comparisons across clinical research (Table 1).

Most recently, a unified international definition was adopted at the 2025
ICM in Istanbul, aiming to harmonise existing diagnostic frameworks and in-
corporate advances in imaging and microbiology. Under this unified defini-
tion, 18F-FDG PET/CT is recognised as a supportive diagnostic criterion for
PJIL, reflecting the growing evidence that metabolic imaging can detect infec-
tion-related inflammatory activity around prosthetic joints. However, PET/CT
findings should not be interpreted in isolation; rather, they must be integrated
with clinical, microbiological, and histopathological data (International Con-
sensus Meating 2025 ICM Istanbul, 2025).
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Table 1 EBJIS definition of periprosthetic joint infection (adapted from McNally et
al., 2021). Diagnostic criteria for periprosthetic joint infection according to the Euro-
pean Bone and Joint Infection Society (EBJIS). Infection is categorised as unlikely,
likely, or confirmed based on clinical findings, laboratory markers, microbiology, his-
topathology, and imaging.

Infection likely: requires two positive findings from different diagnostic do-
mains. Infection confirmed: requires any single confirmatory finding.

Abbreviations: ASA = American Society of Anesthesiologists physical status classi-
fication; EBJIS = European Bone and Joint Infection Society; CRP = C-reactive pro-
tein; PMN = polymorphonuclear neutrophils; HPF = high-power field; WBC = white
blood cell; CFU = colony-forming unit.

Infection unlike! Infection likel Infection confirmed

Alternative non-

Clinical

Early radiological loosening  Sinus tract communicating

findings infectious cause of (<5 years), wound-healing  with the joint or exposed
implant dysfunction problems, recent fever or prosthesis
bacteraemia, purulence
Normal inflammatory CRP >10 mg/L —
markers markers
Synovial fluid Leukocytes <1,500 Leukocytes >1,500 Leukocytes >3,000
cytolog) cells/uLPMN <65% cells/uLPMN >65% cells/uLPMN >80%
Synovial bio — — Positive alpha-defensin
markers (laboratory or lateral-flow
assay)
LTI GT T All cultures negative Single positive culture 22 cultures with identical
(aspiration or microorganisms
intraoperative)
No growth >1 CFU/mL (any organism) 250 CFU/mL (any
fluid organism)

22 neutrophils in one HPF 25 neutrophils in 25 HPFs

or visible microorganisms

Histopathology No neutrophils
400%
Negative bone scan
imaging

Positive labelled WBC —
scintigraphy

1.4 Radiographic outcome measures
1.4.1 Radiography

Radiography is a medical imaging technique that uses X-ray radiation to vis-
ualise the body's internal structures, especially bones. The process involves
passing a controlled dose of ionising radiation through the body, which is cap-
tured on a detector or film to create an image. Different tissues absorb X-rays
to varying degrees; bones, for instance, appear white on radiographs because
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of their high density, whereas softer tissues appear in varying shades of grey.
This contrast occurs because denser materials absorb more X-ray photons. Ra-
diography remains a fundamental diagnostic tool in orthopaedics, valued for
its ability to provide detailed images rapidly and non-invasively.

1.4.2 Computed tomography

Computed tomography (CT) is an advanced imaging technique that uses X-
rays to create detailed cross-sectional images of the body. In contrast to stand-
ard radiography, which produces a two-dimensional projection, CT uses X-
ray sources and detectors that rotate around the patient to capture multiple
images from different angles. These data are processed by a computer to gen-
erate axial ‘slices’ and three-dimensional (3D) reconstructions of internal
structures (Mayo, 1991). CT is highly valuable for diagnosing a wide range of
orthopaedic conditions, including complex fracture patterns, implant position-
ing, and traumatic soft-tissue injuries, due to its ability to provide high-reso-
lution images of both bone and soft tissue.

1.4.3 Dual energy X-ray absorptiometry

Dual energy X-ray absorptiometry (DXA) is a widely established imaging
technique for the assessment of BMD. DXA is based on the differential atten-
uation of X-ray radiation across two distinct photon energy spectra; this allows
discrimination between bone and soft tissue and enables quantification of lean
and fat tissue components. Similar to conventional radiography, DXA is a
two-dimensional modality that provides areal bone mineral measurements,
typically reported as BMD in g/cm?.

DXA offers high precision with a minimal radiation dose, typically ranging
from 1-5 pSv for scans of the proximal hip or lumbar spine. For comparison,
plain radiography of the hip generally results in an effective dose of approxi-
mately 0.1-0.6 mSv, while CT of the pelvis typically yields 2-6 mSv, depend-
ing on the scan parameters.

The World Health Organisation (WHO) defines osteoporosis based on a
DXA-derived T-score of —2.5 or lower. The T-score expresses an individual’s
BMD in standard deviation (SD) units relative to the mean peak BMD of a
healthy young adult reference population. Values between —1.0 and —2.5 are
typically categorised as low bone mass (osteopenia), while scores above —1.0
are considered normal. In contrast, the Z-score compares BMD to an age- and
sex-matched reference population. It is primarily used for younger individuals
and to evaluate potential secondary causes of low bone loss (Kanis, 1994).
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DXA is primarily used to diagnose osteoporosis, assess fracture risk, and
monitor treatment efficacy in both clinical practice and research settings. The
most assessed sites are the lumbar spine and proximal femur, although periph-
eral skeletal sites and periprosthetic bone are increasingly evaluated. In ortho-
paedic research, DXA is considered the ‘gold standard’ for the longitudinal
monitoring of periprosthetic bone remodelling, as it allows for the precise
quantification of mineral changes around both femoral and acetabular compo-
nents.

1.4.4 Positron emission tomography computed tomography

Positron emission tomography (PET) is an advanced nuclear medicine tech-
nology that has become a pivotal tool—not only in research but increasingly
in routine clinical diagnostics. The investigation involves administering trace
amounts of biologically relevant molecules labelled with radioactive isotopes,
such as 18F-fluoride, and subsequently detecting them via tomography. The
resulting images show the regional concentration of radioactivity and can be
converted into quantitative measurements of biochemical activity, expressed
as standardised uptake value (SUV). When combined with CT (PET/CT), this
technique produces 3-D images of bone and its metabolic activity surrounding
prosthetic components, such as the femoral stem and acetabular cup.

18F-fluoride PET/CT measures bone blood flow and metabolic activity,
reflecting osteoblastic calcium uptake during bone formation. This imaging
method enables visualisation of ongoing metabolic processes associated with
bone remodelling. Despite its potential, the application of 18F-fluoride
PET/CT in implant surgery remains limited. Current knowledge about the nat-
ural progression of implant fixation, assessed through periprosthetic bone me-
tabolism, is sparse, and the accuracy of this method in this context remains
uncertain (Sorensen & Ullmark, 2009; Ullmark et al., 2012, 2013). It is gen-
erally assumed that the fluoride isotope is predominantly incorporated by os-
teoblasts, thereby serving as a marker of osteoblastic activity and new bone
formation. Nonetheless, experimental evidence (Bernhardsson et al., 2018)
suggests that even non-viable bone may exhibit high tracer uptake, raising
questions about the contribution of passive diffusion and the strong affinity of
18F-fluoride for HA.

1.4.5 18F-FDG PET/CT — tracer characteristics and differences
compared to 18F-fluoride

While 18F-fluoride reflects osteoblastic activity and bone formation, 18F-
fluorodeoxyglucose (18F-FDG) provides information primarily related to
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cellular glucose metabolism. 18F-FDG is a glucose analogue that enters met-
abolically active cells via glucose transporters; it is phosphorylated by hexo-
kinase but is not further metabolised, resulting in intracellular trapping pro-
portional to the glycolytic rate.

Within the context of periprosthetic bone and arthroplasty, these two trac-
ers visualise distinct physiological phenomena. 18F-fluoride uptake reflects
bone remodelling and mineralisation, whereas 18F-FDG accumulation pre-
dominantly indicates cellular inflammation, such as macrophage and neutro-
phil activation. As a result, FDG PET/CT has been proposed as a complemen-
tary modality to differentiate aseptic loosening from PJI (Gemmel et al., 2012;
Stumpe et al., 2004).

However, the interpretation of 18F-FDG uptake around implants remains
complex. Postoperative inflammatory changes, wear debris—induced synovi-
tis, or mechanical stress can all contribute to increased FDG activity in the
absence of infection. Studies have demonstrated that physiologic FDG uptake
can persist for several months following arthroplasty, complicating differen-
tiation between infection and aseptic loosening (Kumar et al., 2016b). Alter-
natively, 18F-fluoride tends to normalise earlier in uncomplicated cases, as its
uptake reflects mineralisation rather than ongoing inflammation (Adesanya et
al., 2015).

Although FDG PET/CT demonstrates high pooled sensitivity and specific-
ity for the diagnosis of PJI, substantial inter-study heterogeneity has been re-
ported; this indicates that diagnostic performance varies across clinical set-
tings, thereby limiting its use as a stand-alone confirmatory or exclusionary
test (Hu et al., 2022; Kwee & Kwee, 2020). Semi-quantitative approaches us-
ing SUVmax or SUV ratios have been explored to improve diagnostic accu-
racy in differentiating infection from aseptic inflammation. However, no uni-
versally accepted cutoff values or standardised interpretation criteria currently
exist (Gelderman et al., 2018; Kwee et al., 2018; van Vliet et al., 2018; Wang
et al., 2022).

Theoretically, the combined use of 18F-FDG and 18F-fluoride PET imag-
ing has the potential to yield complementary insights into periprosthetic me-
tabolism—18F-FDG reflecting cellular inflammatory activity, while 18F-flu-
oride highlights osseous remodelling and fixation processes. Dual-tracer or
sequential approaches have therefore been proposed to enhance differentiation
between infection, inflammation, and bone turnover around implants, as the
tracers target distinct pathophysiological mechanisms. Nevertheless, despite
encouraging early experimental and clinical findings, methodological and lo-
gistical constraints—including high cost, tracer availability, and lack of stand-
ardised protocols—currently constrain the routine clinical application of both
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18F-FDG and 18F-fluoride PET/CT in this setting (Kumar et al., 2016b;
Lankinen, 2013; Loharkar & Basu, 2023).

1.4.6 PET/CT in diagnosing aseptic loosening

Traditionally, enhanced osteoblastic activity has been assessed using bone
scintigraphy following the administration of 99mTechnetium (Tc). Although
this technique demonstrates high sensitivity, it is limited by relatively low
specificity and modest spatial resolution. Reported diagnostic performance for
detecting implant loosening after THA includes a sensitivity of 78%, a speci-
ficity of 70%, and an overall accuracy of 74% (Mumme et al., 2005). A large
meta-analysis corroborated these findings, reporting pooled sensitivity and
specificity values of 85% and 72%, respectively (Temmerman et al., 2005).

To overcome these limitations, indium-labelled white blood cell (WBC)
imaging was developed primarily to detect PJI. However, given the restricted
diagnostic performance of both Tc-99 bone scintigraphy and indium-labelled
WBC scans, more recent nuclear medicine approaches have investigated the
use of PET combined with CT, employing the fluoride-18 isotope (18F-fluo-
ride PET/CT), for diagnosing implant loosening. In this technique, fluoride
ions exchange with hydroxyl groups in HA on the bone surface, forming flu-
orapatite at sites of active bone remodelling (Even-Sapir et al., 2007).

18F-fluoride PET/CT has demonstrated acceptable accuracy, with high sen-
sitivity but only modest specificity for aseptic loosening (Sterner et al., 2007).
Most studies have relied on qualitative assessment of 18F uptake patterns, while
only a limited number have incorporated quantitative analyses (Kobayashi et
al., 2011; Koob et al., 2019; Kumar et al., 2016a). Furthermore, intraoperative
confirmation of preoperative 18F-fluoride PET/CT findings remains scarce, un-
derscoring the need for more robust validation of this technique.

18F-fluoride was introduced early as a tracer for bone imaging and subse-
quently used to evaluate hip prostheses (Blau et al., 1962; Creutzig, 1976). It
was noted that nonspecific 18F-fluoride uptake typically diminishes between
six and nine months after surgery (Creutzig, 1976). Since then, 18 F-fluoride
PET, with or without CT, has been used to investigate bone metabolism in
osteoporosis—where it has been used to assess treatment-induced changes in
bone formation (Berding et al., 1998; Frost et al., 2013; Sheppard et al.,
2023)—femoral head necrosis (Schiepers et al., 1998; Ullmark et al., 2011),
bone-impaction grafting (Bernstein et al., 2014; Ullmark et al., 2007, 2009),
renal osteodystrophy (Messa et al., 1993), and bone malignancies (Araz et al.,
2015; Jadvar et al., 2015).

In patients with painful TKAs, 18 F-fluoride PET/CT has demonstrated
high sensitivity but limited specificity, with most analyses relying on
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qualitative assessment. Moreover, only a subset of patients in these studies
underwent revision surgery, thereby limiting the extent of histopathological
confirmation of imaging findings (Sterner et al., 2007).

SUVs are commonly used to quantify PET tracer uptake, accounting for
the injected dose and patient body weight. Measuring SUVmax—the highest
SUV within a region of interest (ROI)—around implants may provide a more
quantitative approach to analysing 18F-fluoride uptake, potentially improving
diagnostic accuracy. However, no study has yet validated the reliability or ac-
curacy of SUVmax measurements for diagnosing loosening in total hip or
knee arthroplasty. Additionally, increased 18F-fluoride uptake may reflect a
range of underlying processes, including infection, which complicates the in-
terpretation of SUVmax in the context of implant loosening (Choe et al., 2011;
Kobayashi et al., 2011).

Furthermore, although 18F-FDG PET/CT has been increasingly used to de-
tect infection-related inflammatory activity (Basu et al., 2014; Kim & Kim,
2021), its capacity to reliably differentiate PJI from aseptic loosening remains
uncertain (Kwee & Kwee, 2020; Verberne et al., 2018). Overlapping inflam-
matory and bone-remodelling responses may contribute to diagnostic ambi-
guity (Gelderman et al., 2018; Kiran et al., 2019), and the comparative or com-
plementary value of 18F-FDG and 18F-fluoride PET/CT in differentiating in-
fection from mechanical failure has yet to be clearly established (Kumar et al.,
2016a).

1.5 Immunological methods to detect proteins from
small samples
1.5.1 Markers for bone metabolism

Biochemical markers are valuable tools for monitoring both bone formation
and resorption. They have been widely utilised in basic bone research, epide-
miological studies, pharmaceutical development, and randomised controlled
trials (RCTs) (Delmas et al., 2000; Kuo & Chen, 2017). Bone turnover mark-
ers exhibit a circadian rhythm and are influenced by dietary intake. Therefore,
fasting blood samples should be collected in the morning to ensure con-
sistency and reliability.

Type I collagen is the most abundant protein in the human body and is the
primary constituent of the extracellular matrix in diverse tissues, including
bone, skin, tendons, and ligaments. It is a triple-helix protein composed of
three polypeptide chains: two alpha-1 chains (a1) and one alpha-2 chain (a2).
These chains coil around each other to form a right-handed helix, creating a
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robust and stable structure. A key biochemical marker, serum Procollagen-1
N-Propeptide (P1NP), is released during the synthesis of type 1 collagen and
serves as a reliable indicator of bone formation. PINP, which is a fragment
cleaved from the N-terminal end of the procollagen molecule, is typically an-
alysed using immunochemical electrochemiluminescence. Conversely, the C-
terminal telopeptide of type 1 collagen (CTX-1, also known as CrossLaps) is
a critical marker of bone resorption and can be quantified via immunoassay
(e.g., radioimmunoassay).

At the termini of the collagen molecules, non-helical regions known as telo-
peptides are present. These regions are essential for the cross-linking of colla-
gen fibres, providing structural integrity to the matrix. CTX-1, or C-terminal
telopeptide, is a fragment released during the proteolytic degradation of type
1 collagen. It is located at the C-terminal (carboxy-terminal) end of the colla-
gen molecule (Figure 4).

Figure 4 Synthesis and degradation of type I procollagen and the origin of biochem-
ical bone turnover markers. Type I procollagen is synthesised as a triple-helical mol-
ecule containing N-terminal and C-terminal propeptides. Extracellular cleavage by
procollagen peptidases releases the N-terminal (PINP) and C-terminal (PICP) propep-
tides, which serve as specific biomarkers of collagen synthesis and bone formation.
The resulting tropocollagen molecule comprises a central helical domain flanked by
N- and C-telopeptides. During bone resorption, proteolytic degradation of mature,
cross-linked type I collagen releases fragments from the C-terminal telopeptide re-
gion; these include CTX (C-terminal telopeptide of type I collagen), a highly sensitive
and widely utilised marker of osteoclastic bone resorption.
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1.5.2 Enzyme-linked immunosorbent assay

Among the four primary types of enzyme-linked immunosorbent assay
(ELISA), the sandwich ELISA is the most prevalent. In this method, two spe-
cific antibodies—referred to as matched antibody pairs—are employed to
‘sandwich’ the target antigen. The resulting signal is directly proportional to
the analyte concentration in the sample. This configuration offers superior
sensitivity and specificity, as both antibodies are required to bind the target
protein, making it particularly suitable for analysis in complex biological ma-
trices. This procedure is highly effective for quantifying the concentrations of
specific biomarkers in clinical samples (Tabatabaei & Ahmed, 2022).

1.5.3 Proximity extension assay

The Proximity extension assay (PEA), developed by Olink Proteomics in
Uppsala, Sweden, utilises pairs of antibodies conjugated to oligonucleotides
to protein detection and quantification. Upon antibody binding to target pro-
teins, the attached oligonucleotides anneal and are extended by DNA poly-
merase, generating DNA templates that are subsequently quantified by real-
time polymerase chain reaction (PCR) (Figure 5). This technique enables the
simultaneous measurement of a large panel of proteins with high specificity
and sensitivity—ranging from 92 to 384 biomarkers—while requiring only a
few microlitres of biofluid per sample (Assarsson et al., 2014).
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Figure 5 The Proximity Extension Assay (PEA) mechanism for protein detection.
Target proteins are recognised by a pair of monoclonal antibodies, each conjugated to
aunique, target-specific DNA oligonucleotide. When both antibodies bind simultane-
ously to the target molecule, their respective DNA tags are brought into close prox-
imity, enabling them to hybridise. Subsequent DNA polymerase-mediated extension
forms a stable double-stranded DNA template, which is subsequently amplified and
quantified via polymerase chain reaction (PCR). This dual-recognition system ensures
high specificity and sensitivity by converting protein concentrations into measurable
DNA sequences, thereby minimising the risk of cross-reactivity.

PEA excels at detecting low-abundance proteins that often remain below the
detection limit of mass spectrometry. Its multiplexing capacity exceeds that of
assays such as Meso Scale Discovery (MSD), which can measure up to 10
biomarkers per well using electrochemiluminescence in 25 uL. samples. The
primary advantage of PEA over traditional ELISA and MSD platforms is its
ability to quantify a wide range of biomarkers simultaneously from minimal
sample volumes.

1.5.4 Pharmacological intervention with bone metabolism

The loss of pBMD is a significant risk factor for implant instability and sub-
sequent revision surgery following total hip and knee arthroplasty
(THA/TKA) (Bodén et al., 2006; Skoldenberg et al., 2006). Consequently,
pharmacological strategies to modulate bone metabolism have been explored
to preserve periprosthetic bone stock and enhance long-term implant fixation.
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Bisphosphonates (BPs) are the most widely utilised antiresorptive agents;
they bind to bone mineral and are subsequently internalised by osteoclasts to
inhibit resorption and promote apoptosis. Clinically, BPs are used to treat os-
teoporosis by increasing BMD, reducing bone turnover markers, and prevent-
ing fractures (Black et al., 2007; Harris et al., 1999; Liberman et al., 1995;
Lyles et al., 2007). However, the effects of BP on bone remodelling around
orthopaedic implants appear to be transient, with pPBMD typically decreasing
once treatment is discontinued (Skoldenberg et al., 2011; Venesmaa et al.,
2001; Yamasaki et al., 2007).

Beyond bisphosphonates, several other pharmacological agents have been
used to modulate bone turnover and increase BMD, including drugs approved
for the treatment of osteoporosis and other metabolic bone diseases (Black et
al., 2007; Cummings et al., 2009). These agents act through two primary
mechanisms: by inhibiting bone resorption or by stimulating bone formation
(Kobayashi et al., 2016; Suzuki et al., 2018).

1.5.5 Denosumab

Denosumab, a human monoclonal antibody directed against RANKL, was in-
troduced in 2010. This agent inhibits bone resorption by mimicking the inhib-
itory effect of OPG on the RANK/RANKL pathway, thereby reducing osteo-
clast activity and survival. Denosumab is designed to bind specifically to
RANKL with high affinity, preventing its interaction with the RANK receptor
on the surface of osteoclasts and their precursors. By inhibiting this RANKL-
RANK interaction, denosumab effectively suppresses the formation, function,
and survival of osteoclasts. This reduction in osteoclastic activity leads to a
significant decrease in bone resorption, resulting in diminished bone turnover
and a net increase in bone mass and structural strength (Delmas, 2008).

Administered via subcutaneous injection every six months, denosumab sig-
nificantly improves compliance compared with orally administered BPs
(Lekkerkerker et al., 2007). While denosumab increases BMD and reduces
fracture risk in postmenopausal women with osteoporosis (Cummings et al.,
2009), concerns have been raised regarding a rapid loss of BMD and an in-
creased incidence of vertebral fractures following the discontinuation of long-
term treatment. This ‘rebound effect’ necessitates careful clinical management
when transitioning patients off the medication to prevent a surge in bone re-
sorption (Tsourdi et al., 2017).
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1.5.6 Rebound phenomenon

The ‘rebound phenomenon’ following the discontinuation of denosumab
treatment refers to a rapid and marked loss of BMD, accompanied by a height-
ened risk of fractures (Bone et al., 2011; Miller et al., 2008). Upon discontin-
uation, bone turnover markers (BTMs) rise substantially, exceeding pretreat-
ment levels. This rebound leads to accelerated bone loss. Hence, BMD fre-
quently returns to or falls below baseline within several months. Furthermore,
there is a documented risk of multiple vertebral fractures occurring shortly
after treatment termination (Anastasilakis et al., 2017; Cummings et al., 2018).

Current clinical guidelines, including those from the National Osteoporosis
Guideline Group (NOGG, UK) and the European Calcified Tissue Society
(ECTS), therefore recommend that patients either remain on therapy or be
transitioned to bisphosphonates for at least one year following denosumab dis-
continuation to mitigate this surge in resorption.

1.5.7 Heterotopic ossification after denosumab treatment

Heterotopic ossification (HO) refers to the abnormal formation of lamellar
bone within soft tissues, such as muscles, tendons, or other non-skeletal struc-
tures. This pathological process frequently occurs following major orthopae-
dic procedures, traumatic injuries, or specific neurological conditions. Evi-
dence of a potential association between denosumab use and HO development
remains sparse (Osaka et al., 2019). However, as HO is a well-recognised
complication following THA, it remains unclear whether denosumab could
paradoxically stimulate ectopic bone formation in non-osteoporotic patients.
Given the drug’s profound influence on bone remodelling, its role in the path-
ogenesis or prevention of periprosthetic HO warrants further investigation.

1.6 DATA study

The Denosumab and Total Arthroplasty (DATA) study was a placebo-con-
trolled, double-blind RCT involving 64 patients undergoing uncemented THA
using the Collum Femoris Preserving (CFP) stem (Waldemar Link GmbH &
Co, Hamburg, Germany) and the Continuum cup (Zimmer Co, Warsaw, IN,
USA). This phase II study, conducted under the supervision of the Swedish
Medical Products Agency, investigated the use of denosumab for this novel
indication. The primary outcomes, previously reported by Nystrom et al.
(2020) focused on changes in femoral pBMD within Gruen zone 7 and the
aggregate of Gruen zones 1-7 at 12 months. Secondary outcomes reported by
Kiritopoulos et al. (2022) included pPBMD changes surrounding the acetabular
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cup. The total follow-up period was 24 months, with further secondary out-
comes encompassing DXA measurements, biochemical BTMs, and patient-
reported outcome measures (PROMs).

The principal finding was that denosumab inhibits pBMD loss around both
the stem and the acetabulum 12 months postoperatively. However, this effect
diminished following treatment discontinuation, characterised by a rebound in
BTMs and a rapid decrease in pPBMD during the subsequent year. As there are
currently no published long-term data on the use of denosumab to prevent
periprosthetic bone loss, further investigation in this field is justified.

1.7 Outcomes measures

PROMs serve as critical endpoints in clinical trials, capturing nuanced data on
patient symptomatology, health-related quality of life (HRQoL), and lived ex-
perience. Selecting a psychometrically robust, contextually appropriate
PROM is fundamental to ensuring the validity and clinical relevance of trial
results.

1.7.1 EQ-VAS

The EuroQol Visual Analogue Scale (EQ-VAS) is a standardised, generic in-
strument designed to provide a quantitative measure of a patient’s subjective
perception of their overall health status (Rabin & Charro, 2001). Unlike di-
mension-specific tools, the EQ-VAS captures a global valuation of HRQoL
on a vertical, graduated scale.

1.7.2 Harris Hip Score

The Harris Hip Score (HHS) is a clinician-based instrument widely used to
evaluate the success of THA by assessing pain, function, absence of deform-
ity, and range of motion (Harris, 1969). Scores range from 0 to 100, with
higher values indicating better functional outcomes and less pain. While the
HHS is considered the ‘gold standard’ due to its high validity and responsive-
ness (Singh et al., 2016), it has faced criticism for a significant ‘ceiling effect’
(Soderman & Malchau, 2001. In high-functioning postoperative populations,
many patients achieve scores at or near 100, which limits the instrument’s
ability to discriminate between excellent outcomes or to detect further longi-
tudinal improvements (Haverkamp et al., 2008).
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2 Gaps in knowledge

The existing literature underscores several critical deficiencies in our under-
standing of periprosthetic bone management. First, it remains unclear to what
extent early pharmacological modulation of osteoclast activity can effectively
mitigate the mechanobiological drivers of osteolysis over the long term. Spe-
cifically, the capacity for antiresorptive treatment to durably preserve pPBMD
and significantly alter the longitudinal risk of aseptic loosening following
THA remains unproven. Furthermore, the long-term safety profile of deno-
sumab within the arthroplasty context is insufficiently characterised. This in-
cludes the potential consequences of treatment discontinuation, such as re-
bound increases in bone turnover markers and subsequent acceleration of bone
loss, which have not been adequately investigated in this specific patient pop-
ulation.

Second, although 18F-fluoride and 18F-FDG PET/CT provide quantitative
measures of periprosthetic bone turnover and inflammation, respectively, their
diagnostic value in defined clinical scenarios remains incompletely character-
ised. No standardised thresholds for tracer uptake have been established, re-
stricting reproducibility and clinical translation. Moreover, it is uncertain to
what extent these modalities can reliably distinguish mechanically driven, par-
ticle-induced, and infectious failure mechanisms. Direct comparative studies
of 18F-FDG and 18F-fluoride PET/CT within the same patient cohorts are
lacking, and much of the existing literature predates modern consensus criteria
for PJI, thereby limiting its relevance to current practice.
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3 Aims

The general aim of this thesis was to improve understanding of biological and
diagnostic factors influencing outcomes after total joint arthroplasty, with par-
ticular emphasis on periprosthetic bone metabolism and its visualisation. Spe-
cifically, the thesis sought to evaluate the potential of denosumab to modulate
inflammation and preserve periprosthetic bone stock following cementless to-
tal hip arthroplasty, and to assess the diagnostic accuracy of advanced PET/CT
imaging modalities in differentiating aseptic loosening from PJI.

Study I: To evaluate whether the capacity of denosumab to modu-
late the systemic and local inflammatory response following cement-
less THA in patients with OA.

Study II: To investigate whether postoperative denosumab treatment
inhibits late periprosthetic bone loss and to assess the long-term se-
quelae of treatment discontinuation; specifically, the impact of re-
bound in bone turnover markers on pPBMD, lumbar spine BMD, the
contralateral proximal femur, and the incidence of clinical vertebral
fractures.

Study III: To determine the diagnostic utility and reliability of 18F-
FDG and 18F-fluoride PET/CT as a quantitative measure of
periprosthetic bone metabolism in the clinical evaluation of sus-
pected aseptic loosening.

Study I'V: To conduct a direct comparison of the diagnostic accu-
racy of 18F-FDG and 18F-fluoride PET/CT for identifying PJI in
patients presenting with symptomatic total hip and knee arthroplas-
ties.
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4 Patients and Methods

This thesis presents an extended evaluation of the DATA study (Denosumab
in Arthroplasty) cohort. Study I utilises the trial’s initial longitudinal data to
analyse systemic and local inflammatory markers over the first 24 months
post-intervention. Study II provides a long-term follow-up of the same cohort,
approximately 60 months after inclusion, and incorporates comprehensive
clinical examinations, PROMSs, DXA, and conventional radiography to assess
late-stage outcomes and the effects of treatment discontinuation.

4.1 Ethical considerations

All studies were conducted in accordance with the principles of the Declara-
tion of Helsinki and adhered to the standards of Good Clinical Practice (GCP).
Studies I and II: Ethical approval was granted by the Regional Ethical Review
Board in Uppsala, Sweden (Dnr 2011/297/2 and 2007/105/2). For Study II a
subsequent amendment was approved by the Swedish Ethical Review Author-
ity (Dnr 2023-04551-02). The DATA study, which served as the source for
these studies, was registered at ClinicalTrials.gov (EudraCT 2011-001481-18;
NCT01630941). A formal clinical study report was submitted to the Swedish
Medical Products Agency in 2018.

Studies III and IV: Ethical approval for Study III was obtained from the
Regional Ethics Committee in Uppsala, Sweden (Dnr 2018/338) and the Swe-
dish Ethical Review Authority (Etikprévningsmyndigheten; Dnr 2022-01568-
02). Study 1V received approval under the same regional framework, with
subsequent amendments approved by the Swedish Ethical Review Authority
(Dnr 2022-01568-02 and 2025-01499-02).

4.2 Studies I and II
4.2.1 Participants

For Study I, a cohort of 461 patients aged 3565 years, referred to the Depart-
ment of Orthopaedics at Uppsala University Hospital, was screened between
August 2012 and January 2015. Study Il was designed as a post hoc analysis
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utilising the longitudinal data from Study I and did not require additional pa-
tient screening.

4.2.1.1 Inclusion and Exclusion Criteria

Eligibility required radiographic evidence of unilateral hip OA, defined as
Kellgren—Lawrence (KL) grade 3—4. Patients were excluded if they presented
with contralateral OA exceeding KL grade 1, previous ipsilateral or contrala-
teral THA, or a body weight >110 kg (or BMI >35 kg/m?). Additional exclu-
sion criteria included current or recent treatment with bone-modulating agents
or corticosteroids, a history of malignancy, pregnancy, substance abuse, an
American Society of Anesthesiologists (ASA) physical class status >3, prior
exposure to high-dose radiation, or any comorbid condition considered unsuit-
able by the investigators. (Baseline data: Table 2)
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Table 2 Baseline demographic and clinical characteristics of the study populations in
Studies I and I1. Data are presented for the denosumab and placebo cohorts participat-
ing in the randomised controlled trial.

Characteristic Denosumab (N=32 Placebo (N=32
Age (years), Mean (+/- SD 58 (5) 59 (5)
Male, n (% 12 (38) 13 (41)
Body mass index (kg/m?), 27 (4) 27 (3)
Mean (+/-SD
Kellgren-Lawrence 1(0,1) 1(0,1)
grading, unaffected hip,
Median (Min, Max
Kellgren-Lawrence 3(3,4) 3(3,4)
grading, affected hip,
Median (Min, Max
Harris Hip Score, Median 58 (28, 81) 51 (33, 77)

Min, Max
CTX (ng/L), Mean (+/- SD), N 435.9 (192.0) 444.1 (184.2)
=31*

PANP (ug/L), Mean (+/- SD), 45.7 (16.2) 44.3 (14.7)
N =31

Z-score**, total hip 0.58 (1.13) 0.65 (0.67)
(unaffected hip), Mean (+/-
10)

Z-score**, total hip (affected 0.33 (1.20) 0.33 (0.91)
hip), Mean (+/- SD
Z-score*, L1-L4, Mean (+/- 0.91 (1.18) 0.83 (0.91)
SD

A total of 64 participants fulfilled all eligibility criteria and were enrolled in
the original RCT. The progression of participants through the study stages is
detailed in the flowchart presented in Figure 6.

4.2.2 Randomisation and blinding

Participants were randomised in a 1:1 ratio to receive either denosumab 60 mg
(n = 32) or a saline placebo (n = 32). Randomisation was performed using a
permuted block design with a fixed block size of four, generated by an inde-
pendent trial statistician using the PROC PLAN procedure in SAS version 9.4
(SAD Institute Inc., Cary, NC, USA). Sequential treatment assignments were
concealed in sealed, opaque envelopes to ensure allocation concealment. The
investigators' medicinal products were identical in appearance; consequently,
participants, investigators, and outcome assessors remained blinded to treat-
ment allocation throughout the duration of the study.
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Figure 6 CONSORT flow diagram illustrating the screening, recruitment, and longi-
tudinal follow-up of participants in Studies I and II. The chart shows the distribution
of patients between the denosumab and placebo groups from initial inclusion through

the five-year final analysis. *EQ-VAS, HHS and biomarkers at 6 months

4.2.3 Peri- and postoperative procedures and implants

All participants underwent cementless THA performed by one of two experi-
enced orthopaedic surgeons. A standardised surgical technique was employed
using the Gammer approach (a modified lateral approach). The standardised
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implant construct consisted of a Continuum acetabular shell (Zimmer Biomet)
fitted with a highly cross-linked PE liner (XLPE), a CFP femoral stem (Wal-
demar Link, Hamburg, Germany), and a 28-mm cobalt—chromium femoral
head. The shell’s apical plug was applied in strict accordance with the manu-
facturer's instructions.

The initial subcutaneous injection of denosumab or placebo was adminis-
tered postoperatively before discharge, followed by a second dose at six
months. Baseline DXA scans were performed preoperatively to establish ref-
erence BMD. Fasting blood samples were collected 1-3 days after surgery. To
ensure calcium and vitamin Ds homeostasis, all participants initiated daily
supplementation (500 mg calcium and 800 IU vitamin Ds) 7-14 days preoper-
atively. This regimen was maintained for 12 months, corresponding to the ac-
tive treatment phase of the trial.

4.2.4 Biochemical markers of bone metabolism

Fasting blood samples (1-2 ml) were collected and stored at —70°C until anal-
ysis. Two specific biochemical markers were quantified: CTX and PINP,
serving as validated indices of bone resorption and bone formation, respec-
tively. Analyses were performed in accordance with ISO 15189 standards,
with reported coefficients of variation (CVs) of 3% for PINP and 6% for CTZ.

4.2.5 Bone mineral density

BMD was assessed using a Prodigy Advance DXA system (GE Healthcare,
Madison, WI, USA). Preoperative baseline scans included the lumbar
spine and both proximal femora in an AP projection. Postoperative assess-
ments, including the 60-month long-term follow-up, quantified pBMD around
the femoral stem, in addition to systemic measurements of the lumbar
spine and the contralateral (unaffected) hip.

4.2.6 Conventional radiography

AP pelvis and AP/lateral hip projections were obtained preoperatively, with
OA severity classified according to the KL system (Kellgren & Lawrence,
1957). Radiographs were repeated at multiple longitudinal follow-up intervals
(visits 1, 2, 5, and 7) to assess the periprosthetic interface and identify potential
radiographic signs of aseptic loosening, such as progressive radiolucent lines
or osteolysis.
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4.3 Methods specific to study I
4.3.1 Analysis of inflammatory response—related proteins

Serum samples were analysed using a high-throughput PEA (Olink Prote-
omics, Uppsala, Sweden). This multiplex platform simultaneously detected 92
inflammation-related proteins. In addition to this proteomic profile, systemic
bone turnover markers—specifically PINP and CTX—were quantified to
evaluate the physiological interplay between the inflammatory response and
bone metabolism.

4.3.2 Proximity extension assay

Serum samples collected preoperatively and at 3, 6, and 12 months postoper-
atively were analysed using the Proseek Multiplex inflammation panel (Olink
Proteomics, Uppsala, Sweden), a multiplexed PEA immunoassay. This tech-
nology facilitates the simultaneous analysis of 92 inflammation-related pro-
teins across 96 samples. (Table 3) For each sample, 1 ul of serum was incu-
bated overnight in a 96-well plate with 3 ul of DNA-oligonucleotide-conju-
gated antibodies.

Following incubation, a PEA enzyme solution containing DNA polymer-
ase was added, enabling the hybridisation of the oligonucleotides to form a
unique DNA sequence for each target protein. PCR reagents were then added,
followed by a five-minute incubation at room temperature. Quantitative am-
plification was performed using the BioMark HD System (Standard BioTools,
formerly Fluidigm, San Francisco, USA) according to the manufacturer’s in-
structions. Data were normalised on a log; scale using internal controls and a
pre-defined correction factor. The limits of detection (LODs) were defined as
three standard deviations above the mean background signal.

4.3.3 Enzyme-linked immunosorbent assay

To validate the PEA results for RANKL, serum concentrations were inde-
pendently measured using a commercial sandwich ELISA (DY626, R&D
Systems, Minneapolis, MN, USA). The assay demonstrated a CV of 6%. Test-
ing was performed in a blinded manner, with investigators masked to all clin-
ical data and treatment allocations. ELISA evaluations of RANKL were con-
ducted at all longitudinal intervals, including perioperative baseline and
the 24-month follow-up.
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Table 3 Comprehensive list of protein biomarkers included in the Olink Target 96
Inflammation panel. Proteins were analysed using Proximity Extension Assay (PEA)
technology as described in Study 1.
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Protein name

T-cell differentiation antigen CD6

Kit ligand

Interleukin-18

Signalling lymphocytic activation molecule
Protransforming growth factor alpha

C-C motif chemokine 13

Eotaxin

Tumour necrosis factor ligand superfamily
member 14

Fibroblast growth factor 23
Interleukin-10 receptor subunit alpha
C-C motif chemokine 4

Fibroblast growth factor 5

Leukemia inhibitory factor receptor
Fibroblast growth factor 21

C-C motif chemokine 19

Interleukin-15 receptor subunit alpha
Interleukin-10 receptor subunit beta
Interleukin-22 receptor subunit alpha-1
Interleukin-18 receptor 1

Programmed cell death 1 ligand 1
Beta-nerve growth factor

C-X-C motif chemokine 5

Interstitial collagenase

Tumour necrosis factor ligand superfamily
member 11

Thymic stromal lymphopoietin
Interleukin-2

Vascular endothelial growth factor A
C-C motif chemokine 7

Glial cell line-derived neurotrophic factor
CUB domain-containing protein 1
Natural killer cell receptor 2B4
Interleukin-7
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Tumour necrosis factor receptor superfamily
member 11B

Transforming growth factor beta-1 proprotein
Urokinase-type plasminogen activator
Interleukin-6

Growth-regulated alpha protein
Interleukin-17C

Interleukin-17A

C-X-C motif chemokine 11

Axin-1

Tumour necrosis factor ligand superfamily
member 10

Interleukin-20 receptor subunit alpha

C-X-C motif chemokine 9

Cystatin-D

Interleukin-2 receptor subunit beta
Interleukin-1 alpha

Oncostatin-M

C-C motif chemokine 2

Interleukin-8

Delta and Notch-like epidermal growth factor-
related receptor

C-C motif chemokine 28

NAD-dependent protein deacetylase sirtuin-2
Interleukin-20

Eukaryotic translation initiation factor 4E-
binding protein 1

C-X-C motif chemokine 10

C-X-C motif chemokine 6

Fms-related tyrosine kinase 3 ligand

Protein S100-A12

C-C motif chemokine 3

C-C motif chemokine 23

Tumour necrosis factor

Interleukin-10

Stromelysin-2

Artemin

Interleukin-13

Interleukin-24
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TNFRSF9

P01732 CD8A

Interleukin-12 subunit beta

T-cell surface glycoprotein CD5

Hepatocyte growth factor

Tumour necrosis factor receptor superfamily
member 5

Interferon gamma

Macrophage colony-stimulating factor 1
Lymphotoxin-alpha

Adenosine deaminase

Interleukin-5

STAM-binding protein

Sulfotransferase 1A1

C-C motif chemokine 20

Tumour necrosis factor ligand superfamily
member 12

Interleukin-33

Neurotrophin-3

Fractalkine

C-C motif chemokine 25

Caspase-8

C-C motif chemokine 8

Neurturin

Leukemia inhibitory factor

Interleukin-4

Fibroblast growth factor 19

Tumour necrosis factor receptor superfamily
member 9

T-cell surface glycoprotein CD8 alpha chain

4.4 Methods specific to study II

Study II comprises an exploratory five-year follow-up of the original RCT
cohort. Because this longitudinal assessment was not pre-specified in the ini-
tial trial registration or study protocol, these mid-term analyses are categorised
as post-hoc evaluations of secondary and tertiary outcomes. Accordingly, no
formal power analysis or additional sample-size calculation was performed
for this follow-up phase; rather, the study utilised the maximum available data
from the original intention-to-treat population.
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4.4.1 Outcome measures

The primary endpoint for Study I was pBMD at 60 months, quantified using
DXA within the acetabular ROIs defined by Digas et al. (2004) and the fem-
oral zones described by Gruen et al. (1979). Secondary clinical outcomes in-
cluded the HHS, EQ-VAS, and implant survival--defined as the absence of
any revision surgery involving the femoral stem or acetabular cup. Addition-
ally, back pain was assessed at the 60-month interval. Participants reporting
symptomatic back pain underwent thoracolumbar radiography to identify po-
tential vertebral compression fractures.

HO was assessed on AP pelvic radiographs and graded according to the
Brooker classification (Brooker et al., 1973). To ensure internal consistency,
all radiographic evaluations were performed by a single investigator (CS),
who remained blinded to the treatment allocation.

4.4.2 Heterotopic ossification

HO was graded according to the Brooker classification (Brooker et al., 1973)
as follows:
e Grade I: Isolated islands of bone within the periprosthetic soft tis-
sues.
e Grade II: Bone spurs originating from the pelvis or proximal femur,
with at least 1 cm remaining between the opposing bone surfaces.
e Grade III: Bone spurs from the pelvis or proximal femur, reducing
the gap between opposing bone surfaces to less than 1 cm.
e Grade IV: Apparent bony ankylosis of the hip, resulting in complete
bridging and functional fusion of the joint.

Figure 7 The Brooker classification system for heterotopic ossification. This radio-
graphic grading scale categorises the extent of ectopic bone formation around the hip
joint into four stages, ranging from isolated islands of bone (Grade I) to complete bony
ankylosis (Grade IV).

Reprinted with permission from Kanakaris and Giannoudis (2015).
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4.5 Study III
4.5.1 Study Design and Setting

This was a retrospective diagnostic study evaluating the utility of 18F-fluo-
ride PET/CT in a cohort of 63 patients scheduled for revision total hip or knee
arthroplasty between May 2016 and February 2021. The study period was
chosen to coincide with the implementation of an updated PET/CT system at
the hospital, which enabled standardised and reliable SUV measurements
across the entire patient population.

4.5.2 Patients

Within the inclusion period, 689 revision arthroplasties were performed (510
THA and 179 TKA). Of these, 199 patients underwent 18F-fluoride PET/CT
as part of the diagnostic work-up for painful THA/TKA. Ultimately, 63 pa-
tients met eligibility criteria, having undergone both PET/CT imaging and
subsequent revision surgery. Exclusions were primarily due to motion arte-
facts, bilateral TKA, or technical difficulties in image interpretation. Overall,
9.6% of all revision procedures at the unit were preceded by diagnostic eval-
uation with 18F-fluoride PET/CT, underscoring its selective but growing role
in clinical practice.

4.5.3 Baseline data

The final cohort comprised 41 females and 22 males, with a mean age of 66
years (range: 42-82). Regarding initial implant fixation, 45% were cemented,
32% cementless, and 23% hybrid; all TKAs were cemented. The interval be-
tween primary arthroplasty and diagnostic PET/CT assessment ranged
from less than 1 year to 23 years, while the duration from PET/CT imaging to
subsequent revision surgery varied from 1 month to 36 months. Based on the
retrospective evaluation, 81% of cases were classified as ‘infection likely’,
5% as ‘infection likely’, and 14% had a confirmed PJI. Demographic and
clinical characteristics are summarised in Table 4.
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Table 4 Baseline demographic and clinical characteristics of the study population in
Study III. Data represent patients undergoing evaluation for symptomatic hip or knee
arthroplasty, stratified by final diagnosis.

Characteristic Hip (N=31 Knee (N=32 Overall (N=63
Gender
Female, n (% 61% (19) 69% (22) 65% (41)
Male, n (% 39% (12) 31% (10) 35% (22)
Age at 18F-fluoride
PET/CT (years
Mean (range 67 (42-82) 66 (43-82) 66 (42-82)
Fixation of the revised
component
Cemented, n (% 45% (14) 100% (32) 73% (46)
Cementless, n (%, 32% (10) 0(0) 16% (10)
Hybrid, n (% 23% (7) 0 (0) 11% (7)
Presence of PJI (EBJIS)
% (n
Uninfected 84% (26) 78% (25) 81% (51)
Infection likel 10% (3) 0(0) 5% (3)
Infection confirmed 6% (2) 22% (7) 14% (9)
Time from original
surgery to PET/CT (years
Mean (range 7.8 (0.78-23) 3.7 (0.63-17) 5.7 (0.63-23)
Time from 18F-fluoride
PET/CT to revision
surgery (months
Mean (range) 7.5 (1.0-23) 9.4 (2.0-35) 8.5 (1.0-35)

4.5.4 Surgical Procedures

All revision procedures were performed within the specialised Arthroplasty
Unit. Intraoperative assessment of implant stability was conducted by the at-
tending surgeon via direct physical manipulation and visual inspection. To
ensure diagnostic consistency, surgical notes were retrospectively reviewed
by a senior orthopaedic surgeon. These definitive intraoperative findings
served as the reference for the diagnosis of aseptic loosening.

4.5.5 PET Scanning

Imaging was performed on a GE Discovery MI (Digital Photon Counting)
PET/CT scanner. A standardised protocol was employed, with an intravenous
administration of 3 MBq per kilogram of body weight of 18F-fluoride NaF. For
anatomical localisation and attenuation correction, a medium-dose CT scan was
performed without intravenous iodine contrast. All images were subsequently
archived and analysed using the Carestream Picture Archiving and Communi-
cation System (PACS) (Carestream Health, Rochester, NT, USA).
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4.5.6 SUVmax evaluation and 18F-fluoride PET/CT analysis

An experienced nuclear medicine physician (JS or colleagues) visually evalu-
ated the 18F-fluoride PET/CT scans as part of routine diagnostics, applying
established criteria that focused on the pattern and location of NaF uptake at
the prosthesis—bone or cement-bone interface. In addition, two independent
observers (CS, orthopaedic surgeon, and AJ, medical student) performed a
quantitative assessment of SUVmax values for each implant component (n =
126). Their PET imaging training consisted of a brief structured session led
by an experienced nuclear medicine physician (JS), using the Philips
Carestream PACS PET/CT viewer routinely employed at the institution. All
measurements were documented using archived screen captures, enabling JS
to verify them as needed.

4.5.7 SUVmax measurement protocol

The calculation of SUVmax was performed according to the following equa-
tion:

where BW represents the patient’s body weight (in grams), Ryissue refers to the
peak radioactivity concentration measured within the ROI in the tissue
(Bg/ml), and Ry is the total injected dose of the radiopharmaceutical (Bq).
This formula yields a dimensionless index that reflects the relative regional
tissue activity normalised to the average radioactivity distribution throughout
the body.
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Figure 8 Representative 18F-fluoride PET/CT imaging in total hip arthroplasty. The
fused PET/CT image demonstrates focally increased periprosthetic tracer uptake
around the acetabular component in a 42-year-old male patient with suspected cup
loosening. Quantitative analysis showed higher metabolic activity in the acetabular
component (SUVmax 26) compared with the femoral stem (SUVmax 6). The findings
are consistent with increased bone turnover associated with acetabular loosening,
while femoral stem loosening was reported and later confirmed as well fixed.

Evaluations were performed on attenuation-corrected images, supplemented
by a review of potential metal-related artefacts using a non-attenuation-cor-
rected (NAC) window. The initial window for SUVmax was set to 5-80 and
was subsequently adjusted based on the specific isotope uptake. Isotope con-
centrations were colour-coded to facilitate the precise anatomical localisation
of the SUVmax.

Figure 9 Representative 18F-fluoride PET/CT imaging in total knee arthroplasty. The
fused PET/CT image illustrates locally increased periprosthetic bone metabolic activ-
ity (tracer uptake) around the femoral component, indicative of accelerated bone turn-
over. The findings were associated with loosening of both components; infection was
clinically suspected but not microbiologically confirmed (EBJIS Infection likely).

Each prosthetic component was systematically examined in the coronal, sagit-
tal, and axial planes. Once the area of the highest periprosthetic uptake was
identified, a dedicated ROI was defined. If the SUVmax was localised to the
joint component interface, it was interpreted as metabolic activity from arthritic
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remnants or synovitis and was deemed irrelevant to the assessment of prosthetic
loosening. In such instances, the SUVmax from the next-highest uptake area
within the periprosthetic bone was recorded.

All identified SUVmax coordinates were archived via screen captures and
stored for future independent verification. The spatial distribution of up-
take around the prosthetic components was meticulously documented to iden-
tify metabolic patterns suggestive of component loosening. Finally, the diag-
nostic protocol included SUVmax threshold analysis, in which the two inde-
pendent observers quantified maximal 18F-fluoride uptake at the implant-
bone interface. This standardised approach was used to differentiate patholog-
ically high uptake associated with loosening from the physiological bone re-
modelling commonly observed in the residual postoperative period.

4.5.8 Primary and secondary study outcomes

The primary objective was to perform a quantitative comparison of SU-
Vmax values between loose and stable (well-fixed) prosthetic components.
Secondary objectives included identifying optimal SUVmax diagnostic
thresholds for detecting aseptic loosening and evaluating their diagnostic per-
formance in the subgroup of patients without evidence of PJI.

4.6 Study IV
4.6.1 Study design and setting

Study IV was a retrospective cohort study evaluating the comparative diag-
nostic performance of two PET/CT tracers—18F-FDG and 18F-fluoride—in
patients with suspected PJI following THA or TKA. The study was conducted
at Uppsala University Hospital, Sweden, where both imaging modalities are
routinely used in the clinical workup of symptomatic or diagnostically ambig-

uous arthroplasties.
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Table 5 Patient characteristics by EBJIS infection category (Study 1V). Values are
presented as mean (SD) or number (%). The cohort comprised 88 patients undergoing
PET/CT for evaluation of symptomatic hip or knee arthroplasties, including 69 clas-
sified as infection unlikely and 19 as infection likely or confirmed according to EBJIS
criteria.

PET/CT = positron emission tomography/computed tomography; THA = total hip ar-
throplasty; TKA = total knee arthroplasty; EBJIS = European Bone and Joint Infection
Society; SD = standard deviation.

Characteristic Infection unlikely Infection likely /

Age at PET/CT, years, 66.8 (10.4) 68.2 (8.9) 67.1(10.1)

mean (SD

44 (63.8) 12 (63.2) 56 (63.6)

36 (52.2) 9 (47.4) 45 (51.1)

33 (47.8) 10 (52.6) 43 (48.9)
Time from index 3.25 (3.18) 4.09 (5.36) 3.43 (3.74)

surgery to PET/CT,

ears, mean (SD
Revision surgery, 24 (34.8) 12 (63.2) 36 (40.9)
n (%

4.6.2 Study population and case selection

Patients who underwent both 18F-FDG and 18F-fluoride PET/CT between
May 2017 and January 2025 for diagnostic evaluation of suspected arthro-
plasty complications were identified. To ensure assessment of a consistent un-
derlying biological process, inclusion required both imaging examinations to
be performed within a 30-day interval. Eligibility was restricted to patients
with either total hip or total knee arthroplasties.

To prevent data interdependence, only one joint per patient was included
in the analysis. In cases of bilateral or multiple arthroplasties, the most symp-
tomatic or clinically dominant joint was selected. Where multiple longitudinal
paired examinations existed, the chronologically earliest complete pair was
retained.

A minor overlap existed between Study III and Study IV. Eleven patients
were included in both cohorts. For eight of these patients, the same 18F-fluo-
ride PET/CT examination was used in both studies; SUVmax values were re-
extracted and recalculated separately according to each study’s specific anal-
ysis protocol (Figure 10).
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Figure 10 Cohort overlap between Study III and Study IV. Study III included 63 pa-
tients and Study IV included 88 patients. Eleven patients were included in both studies
(overlapping region). For eight of these patients, the same 18F-fluoride PET/CT ex-
amination was used in both studies; SUVmax values were recalculated separately for
each study according to the respective analysis protocol.

Examinations performed within six months of the index arthroplasty were ex-
cluded to minimise the confounding influence of physiological early postop-
erative tracer uptake. Furthermore, patients diagnosed with malignancy during
the study period or those presenting with periprosthetic fractures were ex-
cluded, as these conditions preclude reliable interpretation. Following these
exclusions, the final study population comprised 88 patients (45 THAs and 43
TKAs). The participation selection process is detailed in the flowchart pre-
sented in Figure 11.

4.6.3 Reference standard and infection classification

Infection status was determined retrospectively according to the EBJIS criteria
for PJI. Based on integrated clinical, laboratory, microbiological, and histo-
pathological data, patients were categorised into three tiers: infection unlikely,
infection likely, or infection confirmed. To facilitate analysis of diagnostic
accuracy and ensure sufficient statistical power, three categories were subse-
quently dichotomised into ‘Infected’ (likely and confirmed cases) and ‘Non-
infected’ (unlikely). This adjudicated classification served as the reference
standard for all subsequent evaluations of diagnostic performance.

4.6.4 PET/CT imaging protocols

All PET/CT examinations were performed on a digital PET/CT scanner using
standardised clinical protocols. For 18F-FDG PET/CT, patients fasted for at
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least six hours, and blood glucose levels were verified before intravenous ad-
ministration of 18F-FDG (3 MBq/kg). For 18F-fluoride PET/CT, patients re-
ceived an intravenous injection of 18F-fluoride (3 MBg/kg. Imaging com-
menced 60 minutes after tracer injection for both protocols. A low- to me-
dium-dose CT scan was acquired for attenuation correction and anatomical
localisation, followed by PET acquisition covering the entire prosthetic joint.
No intravenous contrast was administered.
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Figure 11 Patient selection process for Study IV. The initial dataset included 146
patients who underwent both 18F-FDG and 18F-fluoride PET/CT scans. After exclud-
ing 50 ineligible cases (non-THA/TKA procedures, multiple exam pairs, or scans per-
formed >30 days apart), 96 patients formed the preliminary cohort. Eight additional
patients were excluded (five <6 months since index arthroplasty, two with newly di-
agnosed malignancy, and one with an uninterpretable scan due to periprosthetic frac-
ture), resulting in a final study cohort of 88 patients (45 THA, 43 TKA).

61



4.6.5 Image interpretation and SUVmax measurements

All PET/CT scans were initially reviewed by consultant nuclear medicine phy-
sicians for routine diagnostic purposes. For the specific requirements of this
study, semi-quantitative analysis was performed by determining SUVmax.
Measurements were meticulously recorded at the bone—implant interface for
each prosthetic component: the acetabular cup and femoral stem in THA, and
femoral and tibial components in TKA. To ensure diagnostic objectivity, these
quantitative assessments were performed by investigators blinded to the final
infection status and microbiological findings.

For 18F-FDG PET/CT, measurements were confined to periprosthetic up-
take adjacent to the implant, with intra-articular and synovial activity excluded
to minimise false-positive findings. For 18F-fluoride PET/CT, regions of in-
creased osteoblastic activity at the bone—prosthesis or cement—bone interface
were assessed. All measurements were performed using attenuation-corrected
images, while non-corrected reconstructions were systematically reviewed to
exclude artefacts.

4.6.6 Outcome measures

The primary outcome of Study IV was the ability of 18F-FDG and 18F-fluo-
ride PET/CT to discriminate between infected and non-infected arthroplasty
components based on SUVmax values, using EBJIS classification as the ref-
erence standard. Secondary outcomes included diagnostic accuracy assessed
by ROC curve analysis and AUC, determination of optimal SUVmax thresh-
olds, correlation between 18F-FDG and 18F-fluoride uptake, and evaluation
of intra- and interobserver reliability of SUVmax measurements.
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5 Statistical analysis

5.1 Study I

Descriptive statistics were used to compare the baseline characteristics of the
trial participants. The proteomic inflammation panel initially quantified 92
proteins; however, Brain-Derived Neurotrophic Factor (BDNF) was excluded
due to technical assay inconsistencies, leaving 91 proteins for further analysis.
A threshold of 20% was applied for the LOD: 17 proteins exceeding this
threshold were excluded from the dataset. Seventy proteins exhibited no val-
ues below the LOD and were retained without modification. Four additional
proteins had <20% of values below LOD and were retained, with missing val-
ues imputed using the LOD value. The final dataset comprised 74 proteins.
Each protein was analysed individually using linear mixed-effects models,
with protein levels as the dependent variable. Fixed effects included age, sex,
BMLI, assay plate, visit, treatment group, and the interaction between visit and
treatment. To account for the longitudinal nature of the data, patient iden-
tity was incorporated as a random effect.

Likelihood ratio tests (LRTs) were used to evaluate the effects of visit,
treatment, and the visit-by-treatment interaction on protein levels, with models
adjusted for age, sex, BMI, and platelet count. This analysis yielded global p-
values for each protein. To address the risk of type I error inflation from mul-
tiple testing, a conservative correction was applied. Recognising the inherent
biological interdependence among the 74 inflammation-related proteins, we
estimated the effective number of independent tests to be 50 and adjusted
the family-wise error rate accordingly.

A Bonferroni correction was subsequently applied, establishing a revised
significance threshold of 0.001 (0.05/50). Proteins exceeding this global sig-
nificance threshold were further examined in post-hoc analyses using Tukey’s
Honest Significant Difference (HSD) test for pairwise comparisons. For these
individual comparisons, a p < 0.05 was considered statistically significant.

All analyses were conducted using R Statistical Software (version 3.6.3; R
Foundation for Statistical Computing, Vienna, Austria).
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5.2 Study I

Outcomes were summarised using descriptive statistics and presented as
means with standard deviations (SD) or medians with interquartile ranges
(IQR), depending on the data distribution. Between-group comparisons at the
five-year follow-up were performed using analysis of covariance (ANCOVA).
The five-year outcome served as the dependent variable, treatment group as
the primary independent variable, and the corresponding baseline measure-
ment was incorporated as a covariate.

Implant revision and the presence of HO were analysed as binary outcomes
and summarised descriptively. Between-group comparisons were performed
using Pearson’s chi-square test or Fisher’s exact test, the latter being used
where expected cell frequencies were small. Statistical significance for all
analyses in Study II was set at p < 0.05.

Analyses at the five-year interval were exploratory and were not accounted
for in the original sample size calculation. Accordingly, no adjustments for
multiple comparisons were made; results should therefore be interpreted with
caution, emphasising clinical significance rather than purely statistical thresh-
olds. Missing data at the five-year follow-up were addressed using complete
case analysis.

All statistical analyses were conducted using R Core Team software
(2021, https://www.R-project.org).

5.3 Study III

Data distribution was assessed through visual inspection of histograms
and quantile-quantile (Q-Q) plots. Descriptive statistics are reported as means
+ SDs or medians with IQRs, as appropriate. Given that SUVmax values ex-
hibited a predominantly non-normal distribution, the nonparametric Wilcoxon
Mann-Whitney U test was used to compare SUVmax between loose and sta-
ble (well-fixed) components. These analyses were performed separately for
each prosthetic component (acetabular cup, femoral stem, and the femoral and
tibial components of the TKA).

Receiver operating characteristic (ROC) curves were constructed to deter-
mine the Area Under the Curve (AUC) as a global measure of diagnostic ac-
curacy, with 95% confidence intervals (Cls). Optimal SUVmax thresholds for
distinguishing between stable and loose implants were identified using the
Youden J statistic, which determines the coordinate on the ROC curve that
maximises the combined sensitivity and specificity.

Inter-rater reliability was evaluated using Spearman’s rank correlation co-
efficient (p). Furthermore, Bland-Altman plots were generated to assess the
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limits of agreement and identify potential systematic bias between the two
independent observers. All statistical analyses were conducted using R soft-
ware (R Core Team; 2021, https://www.R-project.org).

5.4 Study IV

Continuous variables were assessed for distributional assumptions via visual
inspection of histograms and Q-Q plots; data are reported as means with SDs
or medians with IQRs, as appropriate. Given the generally non-normal distri-
bution of SUVmax values for both tracers, non-parametric methods were used
for all group comparisons. Differences in periprosthetic tracer uptake between
the ‘infection unlikely and the ‘infection likely or confirmed’ cohorts—strati-
fied according to the EBJIS criteria—were analysed using the Mann—Whitney
U test at the individual component level.

The diagnostic performance of 18F-FDG and 18F-fluoride PET/CT was
evaluated using ROC curve analysis, with discriminative ability quantified by
AUC and its 95% CI. Analyses were conducted separately for each arthro-
plasty component (THA cup, THA stem, femoral TKA component, and tibial
TKA component). Exploratory SUVmax thresholds were identified using
Youden’s J statistic, but these analyses were interpreted as hypothesis-gener-
ating owing to limited subgroup sizes.

Associations between 18F-FDG and 18F-fluoride uptake were examined
using Spearman’s rank correlation coefficient to assess the relationship be-
tween inflammatory and osteoblastic tracer signals at the bone—implant inter-
face. The reproducibility of SUVmax measurements was evaluated through
intra- and interobserver reliability, with intraclass correlation coefficients cal-
culated for each component. Agreement was further examined using Bland—
Altman analysis, including estimation of mean bias and limits of agreement.

All statistical tests were two-sided, and statistical significance was set at p
< 0.05. Given the exploratory nature of the study and the absence of a prede-
fined power calculation for diagnostic accuracy analyses, adjustments for mul-
tiple comparisons were not performed: results were therefore interpreted in
the context of effect sizes and clinical relevance. Statistical analyses were con-
ducted using IBM SPSS Statistics v 30.0 and R software (R Core Team;
2021, https://www.R-project.org).
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6 Results

6.1 Study I
6.1.1 Longitudinal change in inflammatory markers

In the proteomic analysis of inflammatory markers following denosumab
treatment, two specific proteins—RANKL (TRANCE) and TNFRSF9
(CD137/41BB)—exhibited statistically significant longitudinal changes. Pa-
tients receiving denosumab showed a marked, more than twofold increase in
systemic RANKL expression at three months compared with the placebo co-
hort (ratio = 2.10; 95% CI: -0.11; 4.30), p < 0.001. This elevated RANKL
expression persisted at six months (ratio = 1.50; 96% CI -0.71; 3.70), p <
0.001, and remained significantly higher than the control group at the 12-
month interval (ratio = 1.47; 95% CI -0.74; 3.67), p = 0.002. These findings
are illustrated in Figure 12.

By comparison, TNFRSF9 levels in the denosumab group showed an acute
postoperative decrease at three months, returning to baseline by six months.
In contrast, the placebo cohort showed a transient increase in TNFRSF9 at
three months, which then returned to baseline levels. Inter-group comparisons
revealed a statistically significant reduction in TNFRSF9 in denosumab-
treated patients at three months (ratio = 0.68; 95% CI-1.42;2.77; p < 0.001).
This disparity between the treatment and placebo groups remained statistically
significant, albeit attenuated, at six months (ratio = 0.83; 95% CI -1.27;2.92);
p = 0.004) and persisted through the 12-month follow-up (ratio = 0.86; 95%
CI -1.23;2.96); p = 0.026).
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Figure 12 Longitudinal protein levels of RANKL and TNFRSF9 measured using
proximity extension assay (PEA) at baseline (0 days) and at 3, 6, and 12 months. Pro-
tein levels are expressed as normalized protein expression (NPX), a relative quantifi-
cation on a log2 scale. Boxplots summarize the distribution of the data, with boxes
representing the interquartile range (first to third quartile) and the horizontal line in-
dicating the median. Whiskers extend to the most extreme values within 1.5 interquar-
tile ranges (IQR) from the box boundaries. Values beyond this range are shown as
outliers.

6.1.2 ELISA validation of RANKL expression

To validate the proteomic findings regarding systemic RANKL expression, a
cross-platform confirmation was performed using a dedicated enzyme-linked
immunosorbent assay (ELISA). Consistent with the PEA results, the ELISA
showed a comparable elevation in RANKL protein levels within the deno-
sumab cohort relative to the placebo group. However, a statistically significant
peak in RANKL concentration was observed at the three-month postoperative
interval; at this time point, RANKL levels were 2.68-fold higher in the deno-
sumab-treated group (ratio = 2.68; 95% CI: -0.45; 5.81) (p = 0.038). These
findings are depicted in Figure 13.
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Figure 13 RANKL concentrations measured by ELISA across study visits, presented
on a log2 scale. Boxplots illustrate the distribution of values, with boxes representing
the interquartile range (first to third quartile) and the horizontal line indicating the
median. Whiskers extend to the most extreme values within 1.5 interquartile ranges
(IQR) from the box boundaries. Values beyond this range are shown as outliers (dots).

6.1.3 Global mixed-effects model and temporal dynamics of
RANKL

To further characterise the longitudinal behaviour of inflammatory markers,
results from the mixed-effects modelling are summarised in Table 6. The
global likelihood ratio test demonstrated a highly significant overall effect of
denosumab treatment on RANKL trajectory over time, with a pronounced
treatment—visit interaction. TNFRSF9 also showed a significant treatment-de-
pendent temporal pattern, although the magnitude of effect was smaller and
less sustained.
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Table 6 Global mixed-effects model results for proteins significantly affected by
denosumab. Values represent p-values from linear mixed-effects models. The global
p-value was obtained using a likelihood ratio test comparing the full model (treatment,
visit, and treatmentxvisit, adjusted for age, sex, BMI, and plate) with a reduced model.
The remaining columns show Type II ANOVA p-values (Satterthwaite approxima-
tion) for the respective fixed effects.

Protein Global p- Treatment x Treatment
value Visit

948 x 107  1.07 x 1072 0.00027 1.95x 107

RIS 2.46 x 1077 3.02 x 107 0.00021 n.s.

These results confirm that the biological response to denosumab is not static
but dynamically modulated over time, with the strongest treatment effect ob-
served early in the postoperative period.

6.1.4 Temporal pattern of RANKL within the denosumab group

Post-hoc pairwise comparisons were performed to quantify the magnitude and
timing of RANKL changes within the denosumab-treated cohort (Table 7).
The most pronounced shift occurred between baseline and three months, fol-
lowed by a partial attenuation that nevertheless remained significantly ele-
vated throughout the first postoperative year.

This temporal pattern demonstrates that denosumab induces a rapid and
marked perturbation of the RANK—RANKL axis, followed by a sustained but
gradually attenuating biological response. The consistency between the global
model and post-hoc analyses supports a robust, time-dependent pharmacody-
namic effect rather than random variation.

Table 7 Pairwise post-hoc comparisons of RANKL within the denosumab group

Comparison Estimate
Baseline — 3 months [Ry 13 1.9x 1074
Baseline —» 6 months BN (3 7.0x 107"
Baseline —» 12 months [F0¥{0) 34 x10™

Denosumab was administered at baseline and repeated at six months, and the
observed biological trajectory therefore reflects the combined pharmacody-
namic effects of two sequential doses. The most pronounced perturbation oc-
curred within the first three months after treatment, followed by a sustained
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but attenuating response. As no intermediate sampling was performed be-
tween six and twelve months, the precise temporal evolution of RANKL dur-
ing this interval cannot be fully characterised; an additional assessment around
nine months might have provided further insight into the dynamics of the post-
treatment response.

6.2 Study II

The mid-term follow-up for Study II successfully captured data from the ma-
jority of the original RCT cohort. All participants were confirmed to be non-
osteoporotic at baseline. Comprehensive clinical and radiological assessments
were performed at a median interval of 60 months (approximately five years)
following the index cementless THA.

6.2.1 Periprosthetic bone mineral density

Quantitative analyses of pPBMD demonstrated that the initial protective effects
of denosumab were not sustained at the mid-term follow-up. Measurements
obtained within both the acetabular and femoral ROIs showed substantial
overlap between the denosumab and placebo cohorts. Although denosumab
had previously been shown to significantly attenuate early periprosthetic bone
loss during the first postoperative year (Aro et al., 2018), this inter-group dis-
parity was no longer present at the mid-term evaluation, indicating conver-
gence of BMD profiles following treatment discontinuation.

6.2.2 Longitudinal bone remodelling and radiographic stability

Across all evaluated regions, pBMD declined gradually over time in both
groups, consistent with expected postoperative remodelling. No specific region
demonstrated persistent inter-group divergence that would indicate a sustained
treatment effect beyond the active dosing period (Figure 14-15, Table 8).

Radiographic evaluation at the mid-term follow-up revealed no evidence
of early implant loosening in either the denosumab or placebo cohorts. Fur-
thermore, there were no systematic differences suggestive of pronounced
stress shielding between the groups. All implants demonstrated successful os-
seointegration in the surrounding bone, with a stable periprosthetic interface
maintained across both study arms.
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Figure 14 Longitudinal changes in periprosthetic acetabular bone mineral density
(pBMD). The graph illustrates cumulative mean pBMD values with 95% confidence
intervals (CI) across all five Digas zones surrounding the acetabular cup. At the five-
year postoperative follow-up, no significant differences in cumulative pBMD were
observed between the treatment groups.
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Table 8 Summary median pPBMD (g/cm2) of Gruen 7 per timepoint (0, 3, 6, 12,24

and 60 months after surgery).

13.0-

12.5-

12.0-

11.5-

Sum of pBMD in all Gruen zones

10.5-

Denosumab

Median(Q1-Q3)

Placebo
Median (Q1-Q3)

1.47(1.41-1.67) 1.58(1.42-1.73)
N =32 N=31
1.56(1.46-1.70) 1.32(1.15-1.44)
N=32 N=31
1.51(1.37-1.60) 1.24(1.03-1.41)
N =32 N =30
1.53(1.42- 1.19(1.02-1.37)
1.59<9 N=29
N =32
1.34(1.10-1.50) 1.16(1.00-1.34)
N=31 N=29
1.12(0.86-1.36) 1.06(0.93-1.28)
N =26 N =25
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Figure 15 Longitudinal changes in femoral periprosthetic bone mineral density
(pBMD). The graph illustrates cumulative mean pBMD values with 95% confidence
intervals (CI) across all Gruen zones surrounding the femoral stem. At five years after
the index procedure, no significant differences were observed between treatment
groups.
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6.2.3 Clinical and functional outcomes

Clinical outcome measures followed a comparable trajectory in both arms.
Patient-reported hip function (HHS) demonstrated substantial postoperative
improvements. These functional gains remained stable throughout the long-
term follow-up, with no discernible differences between treatment groups at
the mid-term assessment (Figure 16). These data reinforce the notion that
while denosumab modulates early bone turnover, it does not appear to influ-
ence the primary subjective clinical outcomes of the procedure.

Figure 16 Longitudinal changes in Harris Hip Score (HHS). The graph illustrates
mean Harris Hip Score values with 95% confidence intervals (CI) for the denosumab
and placebo groups from the preoperative assessment through long-term follow-up.
Both groups demonstrated marked postoperative improvement in hip function, fol-
lowed by sustained stability over time. No clinically relevant differences were ob-
served between treatment groups at mid- or long-term follow-up.

6.2.4 Safety analysis and complication profile

Implant-related adverse events were infrequent. A minimal number of revision
procedures occurred during the follow-up period, with an equal distribution
between the study groups. HO was a common radiographic finding at the mid-
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term assessment; however, its incidence and severity (according to the
Brooker classification) were comparable between the denosumab and placebo
cohorts (Table 9).

Table 9 Implant revision and heterotopic ossification (HO) rates in the total cohort
and treatment subgroups. Rates of implant revision and HO are presented for the over-
all cohort (n = 64) and stratified by treatment group (denosumab, n = 32; placebo, n =
32). Data are expressed as counts with percentages. P-values for between-group com-
parisons were calculated using Fisher’s exact test due to small cell counts. Values in
brackets indicate the number of patients lost to follow-up.

Variables Denosumab

n=32 n=32 treatment

LT 21 (37.5%) 11 (39,3%) 10 (35,7%) 0.59
L 23 (41,1%) 12 (42,9%) 11 (39,3%)

LY 11 (19,6%) 4 (14,3%) 7 (25%)

Y 1(1.8%) 1(3.6%) 0 (0%)

IECIEEIM 35 (62,5%) 17 (60,7%) 18 (64,3%) 1.00

3 (5,4%) 2 (7,1%) 1(3,6%) 1.00

es

No clinical vertebral fractures or other skeletal adverse events attributable to
antiresorptive treatment or its subsequent discontinuation were detected dur-
ing follow-up. Overall, these midterm results demonstrate convergence across
structural, radiographic, and clinical outcomes, suggesting that the early phys-
iological benefits of denosumab did not translate into long-term differences in
implant stability or patient-reported function.

6.3 Study I1I

Study III included a cohort of patients undergoing revision of THA or TKA
who had received preoperative 18F-fluoride PET/CT as part of the diagnostic
evaluation for suspected implant loosening. Definitive intraoperative assess-
ment of component fixation served as the reference standard for all subsequent
analyses of diagnostic performance. The study population represented a spec-
trum of clinical indications, including both septic and aseptic revisions; how-
ever, the majority of cases were classified as ‘infection unlikely’ according to
the EBJIS criteria.

6.3.1 Quantitative SUV comparisons

Quantitative PET/CT analyses showed significantly higher periprosthetic
18F-fluoride uptake in loose components than around well-fixed components
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compared with stable (well-fixed) components across most anatomical re-
gions.

This discriminatory pattern was consistently observed for both the acetab-
ular cups and femoral stems in THA, as well as the tibial component in TKA.
In contrast, uptake values surrounding the femoral components of TKA
showed substantial overlap between loose and stable implants, indicating a
more limited separation in this specific region.

Parallel analyses were performed on the total cohort (Figure 17, Table 10)
and were subsequently restricted to the aseptic subgroup to isolate the effects
of loosening from potential infectious confounders (Figure 18, Table 11).
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Figure 17 Distribution of 18F-fluoride SUVmax values across implant components.
Boxplots illustrate median 18F-fluoride SUVmax values with interquartile ranges
(IQR) for all joints (n = 64). (A) THA cup (n =31) (B) THA stem (n = 31) (C) TKA
femoral component n = 32) (D) TKA tibial component (n = 3)
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Figure 18 Distribution of “18F-fluoride SUVmax values in aseptic implants. Boxplots
illustrate median ~18F-fluoride SUVmax values with interquartile ranges (IQR) for
all aseptic joints (n = 51). (A) THA cup (n = 26) (B) THA stem (n = 26) (C) TKA
femoral component (n = 25) (D) TKA tibial component (n = 25)
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Table 10 Diagnostic performance of 18F-fluoride PET/CT for detecting implant loos-
ening. Test properties of 18F-fluoride PET/CT in all included patients (n = 63), en-
compassing both aseptic and septic loosening. Results are presented as the area under
the ROC curve (AUC) with 95% confidence intervals (CI), optimal threshold values
with corresponding CI, and sensitivity and specificity estimates with 95% CI for each
implant component (THA cup, THA stem, TKA femoral component, and TKA tibial
component).Note: The optimal threshold in this ROC analysis represents the value
that maximises the combined sensitivity (true positive rate) and specificity (true neg-
ative rate) for each curve.

AUC (95% CI) Best Threshold Sensitivity Specificity
threshold 95% Cl

THA cup 0.81 (0.64— 13.9 12.5-21.9 0.93 (0.79-1.0) 0.71(0.47-0.88)
0.98)

0.90 (0.79— 17.3 14.0-24.3 1(1-1) 0.74 (0.57-0.91)
1.0)

0.60 (0.39— 14.3 84-36.3 0.73(0.45-1.0) 0.55(0.35-0.75)
comp 0.81)

TKA tib 0.83 (0.66— 15.8 14.0-36.3 0.95(0.86-1.0) 0.67 (0.33-1.0)
omp 1.0)

Table 11 Diagnostic performance of *18F-fluoride PET/CT for detecting aseptic im-
plant loosening. Test properties of ~18F-fluoride PET/CT in the subgroup restricted
to aseptic loosening (n = 52). Results are presented as area under the ROC curve
(AUC) with 95% confidence intervals (CI), optimal threshold values with correspond-
ing CI, and sensitivity and specificity estimates with 95% CI for each implant com-
ponent (THA cup, THA stem, TKA femoral component, and TKA tibial component).

! Optimal threshold determined by Youden’s index.

AUC (95% Cl) Best Threshold Sensitivity Specificity
threshold' __ 95% CI 95% Cl
0.87 (0.7-1) 14.2 125219  0.92(0.75-1) 0.79 (0.57-1)
o 0.93 (0.84-1) 15.0 14.0-24.3 1.00 (1-1) 0.79 (0.58-0.95)

0.65 (0.4— 15.8 8.5-31.6 0.62 (0.25-0.88) 0.71 (0.47-0.88)

0.91)
0.86 (0.67-1) 147 14.0-180  0.95(0.83-1) 0.86 (0.57-1)
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Figure 19 Receiver operating characteristic (ROC) curves for implant components
ROC curves with optimal thresholds are shown for all analyzed joints (n = 64). A)
THA acetabular cup (n = 31), (B) THA stem (n = 31), (C) TKA femoral component
(n=32), (D) TKA tibial component (n = 32)

6.3.2 Diagnostic accuracy and ROC analysis

Diagnostic accuracy analyses reflected these site-specific uptake patterns.
ROC analyses demonstrated good to excellent discriminatory ability for iden-
tifying loosening in acetabular and femoral THA components, as well as the
tibial component of TKA. Conversely, the diagnostic performance for the
femoral TKA component remained limited (Figure 19). Restricting the analy-
sis to the aseptic subgroup (excluding suspected or confirmed PJIs) further
improved diagnostic accuracy for most components. Despite this refinement,
the femoral TKA component remained difficult to classify.
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Figure 20 Bland—Altman plots for implant components comparing quantitative SU-
Vmax measurements obtained independently by two blinded investigators. Bland—
Altman plots are shown for all investigated components. Blue horizontal lines indicate
mean differences, while red horizontal lines represent the limits of the 95% confidence
intervals (CI). (A) THA acetabular cup, (B) THA stem, (C) TKA femoral component,
(D) TKA tibial component)

6.3.3 SUV Threshold analysis

Exploratory analyses identified component-specific SUVmax diagnostic
thresholds that effectively differentiated loose from stable implants on the spe-
cific PET/CT system utilised. While these thresholds showed high sensitivity
and specificity for most components, the optimal values varied significantly
across anatomical regions. Notably, these diagnostic benchmarks were not
transferable between components (e.g., from the acetabular cup to the femoral
stem), highlighting the necessity for site-specific interpretation in clinical
practice.
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Reproducibility analyses for SUVmax measurements demonstrated excel-
lent reliability with high intra- and interobserver agreement. Quantitative as-
sessment of 18F-fluoride uptake was found to be a robust methodology, even
with limited observer experience (Figure 20). The results indicate that quanti-
tative PET/CT assessment of 18F-fluoride uptake differentiates loose from
stable arthroplasty components, but diagnostic performance varies clearly by
component.

6.4 Study IV

Eighty-eight patients presenting with symptomatic hip or knee arthroplasties
underwent paired 18F-FDG and 18F-fluoride PET/CT within a 30-day inter-
val and were included in the final analysis. Based on EBJIS criteria, approxi-
mately one-fifth of cases were classified as ‘infection likely’ or ‘confirmed’
while the remainder were classified as ‘infection unlikely’. Total hip and total
knee arthroplasties were represented in comparable proportions across the
study population.

6.4.1 Quantitative SUVmax comparisons for PJI

Quantitative PET/CT analyses revealed distinct tracer- and site-specific up-
take patterns. For 18F-FDG, SUVmax values surrounding the acetabular cup
showed substantial overlap between infected and non-infected components,
indicating limited diagnostic separation in this region. In contrast, 18F-fluo-
ride uptake patterns were more distinct at the bone-prosthesis interface, sug-
gesting greater discriminative value.

For 18F-fluoride PET/CT, uptake differences across infection categories
were limited. Statistically significant discrimination was observed only for the
tibial component of TKA, whereas uptake patterns for the remaining compo-
nents overlapped considerably between groups.
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Figure 21 Receiver operating characteristic (ROC) curves for SUVmax measure-
ments. ROC curves compare 18F-FDG (red) and 18F-fluoride (blue) SUVmax meas-
urements for diagnosing periprosthetic joint infection (PJI) according to EBJIS crite-
ria. Curves are shown for each implant component, stratified by infection likelihood
(infection unlikely vs. infection likely/confirmed).

6.4.2 Comparative diagnostic accuracy

Diagnostic accuracy analyses reflected the tracer- and site-specific uptake pat-
terns observed in the quantitative comparisons.

For 18F-FDG PET/CT, the highest diagnostic performance was observed
for the tibial TKA component (AUC 0.91), followed by the THA stem (AUC
0.77) and the femoral TKA component (AUC 0.76). In contrast, diagnostic
performance for the acetabular cup was limited (AUC 0.55).

For 18F-fluoride PET/CT, diagnostic accuracy was consistently lower.
Only the tibial TKA component demonstrated modest discriminatory ability
(AUC 0.73), whereas the remaining components showed limited performance
(AUC 0.47-0.68).

Reproducibility analyses demonstrated excellent intraobserver agreement
for SUVmax measurements in the THA cup (ICC 0.999), THA stem (ICC
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0.983), and tibial TKA component (ICC 0.974), and good agreement in the
femoral TKA component (ICC 0.775). Interobserver agreement was excellent
for the tibial TKA component (ICC 0.957), good for the THA cup (ICC 0.916)
and THA stem (ICC 0.818), but poor for the femoral TKA component (ICC
0.194). Bland—Altman analyses showed minimal systematic bias across com-
ponents but wider limits of agreement for the femoral TKA component, con-
sistent with the low interobserver ICC.

Correlation analyses revealed significant positive associations between
18F-FDG and 18F-fluoride SUVmax values across all prosthetic components
(Spearman’s rho 0.399-0.702, all p < 0.008), indicating that increased meta-
bolic activity and bone turnover frequently co-occur within the periprosthetic
environment despite their differing diagnostic performance in PJI detection.

Figure 22 Comparative 18F-fluoride and 18F-FDG PET/CT imaging in periprosthetic
joint infection (Study IV). 55-year-old female patient 3 yrs after index procedure. The
left panel (18F-fluoride PET/CT) demonstrates increased periprosthetic tracer uptake
reflecting enhanced bone turnover around the prosthetic components. The right panel
(18F-FDG PET/CT) shows intense metabolic activity consistent with inflammatory
response at the bone—implant interface. The case represents EBJIS-confirmed
periprosthetic joint infection, with coagulase-negative staphylococci verified by in-
traoperative tissue cultures.
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Table 12 Patient characteristics and microbiological findings Patient-level data in-
cluding joint type, ASA classification, EBJIS diagnostic category, and microbiologi-
cal results. Pathogens are listed with corresponding sample sources; multiple patho-
gens and sources are reported where applicable. Within the EBJIS definition, infection
may be classified as likely despite negative cultures, as diagnostic criteria also incor-
orate clinical findings, inflammatory markers, and histology, acknowledging the
possibility of culture-negative infection.

"]

Abbreviations: Sex: F = female, M = male; Joint: H = hip, K = knee; ASA = American
Society of Anesthesiologists physical status classification; EBJIS = European Bone
and Joint Infection Society diagnostic category; CoNS = coagulase-negative staphy-
lococci; Strep. = streptococci; Coryne. = Corynebacterium spp.; Cutib. = Cutibacte-
rium spp.; Kleb. = Klebsiella spp.; S. aureus = Staphylococcus aureus; E. corrodens =
Eikenella corrodens. Sample sources: SF = synovial fluid, T = tissue, SON = soni-
cation fluid, B = blood.

P no Joint ASA EBJIS Pathogen1 Source1 Pathogen2 Source 2

B < 1 CoNs SF

n K 2 1 CoNS T

BEE K 3 1 S. aureus B

BN K 3

“ H 4 1 Strep. SF CoNS SF
B 2 1 SON T
[ 7 2 1 SF

B ¢ 2

B < 1 SON T
B K 3 1 Strep SF E. corrodens T
“ H 3 2 Coryne. T/SON CoNS SON
12 3 2 CoNS T CoNS T
“ H 3 2 CoNS SON CoNS 1
B H 3 2 CoNS SF

“ H 3 2 CoNS SON Cutib. T
“ H 4 2 CoNS SF Kleb. B
7 2 2 CoNS SON CoNS T
“ H <) 2 CoNS T CoNS SF
19 [ 3 2 Kleb. SON Kleb. TISF

6.4.3 Radiological FDG-PET/CT interpretation in relation to
EBIJIS classification

en radiological interpretation of 18F-FDG PET/CT was evaluated accord-
ing to the EBJIS classification, a significant association was observed, demon-
strating moderate agreement between methods and an overall diagnostic pro-
file characterised by moderate sensitivity and high specificity for both hip and
knee prostheses (Table 9). Diagnostic performance was broadly comparable
between THA and TKA, with slightly higher negative predictive values
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observed for knee prostheses. Cohen’s k indicated moderate concordance with
the reference classification.

Table 13 Diagnostic performance of radiological FDG-PET/CT interpretation versus
EBIIS classification

67% (8/12)  71% (5/7)

83% (33/40) 86% (25/29)
53% (8/15)  56% (5/9)
89% (33/37) 93% (25/27)
79% (41/52) 83% (30/36)

0.45 0.52

Figure 23 Comparative 18F-fluoride and 18F-FDG PET/CT imaging in suspected
isolated acetabular infection (Study IV). The left panel (FLU: 18F-fluoride PET/CT)
demonstrates increased periprosthetic tracer uptake around the acetabular component,
reflecting elevated bone turnover (SUVmax 26.9). The right panel (FDG: 18F-FDG
PET/CT) shows moderate metabolic activity at the same location (SUVmax 7.5). The
case represents a 58-year-old patient with a prosthesis in situ for 13 years and in ret-
rospect suspected isolated cup infection; however, EBJIS classification was negative
(infection unlikely). At revision surgery the acetabular component was found to be
loose, but unfortunately no intraoperative cultures were obtained from this region.
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Figure 24 Comparative 18F-fluoride and 18F-FDG PET/CT imaging in periprosthetic
joint infection (Study IV). The upper panels show coronal fused PET/CT images and
the lower panels axial views. The left images (18F-fluoride PET/CT) demonstrate in-
creased periprosthetic tracer uptake around the tibial component, consistent with ele-
vated bone turnover (SUVmax 26.4). The corresponding 18F-FDG PET/CT images
(right) show moderate metabolic activity in the same region (SUVmax 4.4). The case
represents a 77-year-old male patient one year after primary knee arthroplasty, ini-
tially suspected to have tibial component loosening. One isolated joint aspiration
yielded coagulase-negative staphylococci, and the case was therefore classified as
EBIJIS infection likely.
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7 Discussion

7.1 Principal findings

The principal findings of this thesis can be summarised as follows. First, phar-
macological modulation of bone metabolism with denosumab effectively at-
tenuates early periprosthetic bone loss following uncemented THA. However,
this effect is transient and does not translate into the sustained preservation of
pBMD or superior implant-related outcomes at the mid-term follow-up (Stud-
ies I and II). In Study I, denosumab treatment suppressed bone turnover and
induced sustained RANKL upregulation alongside transient TNFRSF9 down-
regulation. This molecular profile suggests the activation of compensatory os-
teoclast-regulatory pathways, which likely contribute to the previously ob-
served post-treatment rebound in bone remodelling. Ultimately, these findings
indicate that while early postoperative bone remodelling is susceptible to phar-
macological intervention, the long-term periprosthetic bone landscape is pre-
dominantly governed by mechanobiological factors (e.g., stress shielding).

Second, quantitative assessment of 18F-fluoride PET/CT uptake primarily
reflects pathological bone remodelling associated with mechanical instability,
enabling differentiation between loose and well-fixed arthroplasty compo-
nents in patients undergoing revision surgery. Diagnostic performance varied
by component: uptake patterns were most informative for cup and stem in
THA and for tibial components in TKA, whereas femoral components in TKA
demonstrated limited discriminatory capacity. Collectively, these findings
support the use of 18F-fluoride PET/CT as a marker of mechanically driven
bone remodelling rather than infection.

Third, comparative dual-tracer PET/CT imaging demonstrated that 18F-
FDG provided superior discrimination between infected and non-infected ar-
throplasty components compared with 18F-fluoride in patients with suspected
PJI (Study IV). Although 18F-fluoride uptake was frequently increased in in-
fected cases, its diagnostic performance was limited, and substantial overlap
was observed in aseptic conditions, particularly in hip arthroplasty. In con-
trast, elevated 18F-FDG uptake was consistently associated with infection
across most components, except for acetabular cups. These findings highlight
the value of 18F-FDG PET/CT as a more reliable imaging marker for infection
in the revision arthroplasty landscape.

87



Taken together, these findings indicate that 18F-fluoride PET/CT primarily
reflects periprosthetic bone turnover and mechanical adaptation, whereas 18F-
FDG PET/CT more accurately captures infection-related inflammatory activ-
ity. This conceptual separation underscores the importance of aligning tracer
selection with the underlying clinical question—mechanical loosening or sus-
pected infection—rather than applying the tracers interchangeably.

7.2 General discussion
7.2.1 Study I

In a secondary endpoint analysis of a previous RCT investigating the effects
of denosumab on pBMD, serum inflammatory markers were analysed.
RANKL levels were significantly upregulated in patients treated with deno-
sumab, with the largest increase observed three months post-treatment. In con-
trast, TNFRSF9 levels were downregulated at three months but returned to
baseline by six months. Other inflammatory markers showed no significant
differences between the denosumab and placebo cohorts. These findings sug-
gest that denosumab modulates specific inflammatory pathways without
broadly altering systemic inflammation in hip OA treated with THA. Moreo-
ver, improvements in patient-reported outcomes following THA were not as-
sociated with changes in the selected inflammatory markers from the Olink
Proseek Multiplex inflammation panel.

Denosumab's elimination half-life (15-32 days) (Chen et al., 2018;
Narayanan, 2013) suggests that the drug would be largely eliminated by three
months; yet elevated RANKL levels persisted. This persistence may reflect
anti-idiotypic antibody responses or immune complex formation accelerating
denosumab clearance. Notably, PEA data were limited to four time points, and
additional measurements—particularly at 24 months—would have provided
greater insight into these dynamics.

Our findings highlight the need for further studies to clarify assay specificity
for different RANKL isoforms. Compared with prior studies, the RCT design
represents a major strength, in contrast to many retrospective analyses. The use
of multiplexed PEA enabled simultaneous assessment of numerous inflamma-
tion-related molecules, though it was limited to relative quantification.

Cassuto et al. reported marked changes in inflammatory markers following
THA, including a primary peak in pro-inflammatory cytokine expression that
was not replicated in the current study (Cassuto et al., 2018). They also ob-
served increased RANKL levels at five years post-THA, though they re-
mained below baseline until then. These early findings align with observations
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in the placebo group in the present study, accentuating the importance of long-
term follow-up when evaluating inflammatory responses after THA.

Fassio et al. (2019) conducted a prospective cohort study examining the ef-
fects of denosumab discontinuation after long-term use. They observed in-
creased levels following discontinuation, in contrast to the present study,
which found RANKL upregulation during treatment. However, Fassio et al.'s
study was limited by the absence of baseline and on-treatment serum marker
measurements, a small sample size, and the lack of a control group. Their
findings suggest that the rebound phenomenon seen after denosumab discon-
tinuation may be due to osteoclast hyperstimulation.

Importantly, the proteomic response was highly selective, with no broad
activation of inflammatory pathways. This suggests that denosumab primarily
modulates osteoimmune signalling through targeted effects on the RANK—
RANKUL axis rather than inducing a generalised inflammatory response.

Additionally, recent research by McDonald et al. (2021) revealed that os-
teoclasts may undergo fission into osteomorphs rather than undergo apoptosis,
and that RANKL inhibition blocks their recycling into osteoclasts. (Figure 20)
This process could lead to osteomorph accumulation during denosumab treat-
ment. The current study supports this mechanism, showing that RANKL up-
regulation began immediately after denosumab initiation and persisted
throughout treatment, potentially predisposing to increased bone resorption if
denosumab is discontinued.
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Figure 25 Osteoclast fission and formation of osteomorphs Osteoclasts differentiate
from macrophages under the influence of macrophage colony-stimulating factor (M-
CSF) and soluble receptor activator of nuclear factor kB ligand (sSRANKL). Activated
osteoclasts may undergo fission to form osteomorphs, which retain the capacity to
fuse and regenerate osteoclasts. Osteoclast formation and fusion are inhibited by os-
teoprotegerin—Fc (OPG: Fc). Illustration inspired from McDonald et al. (2021).

The temporal pattern observed is consistent with the administration of two
denosumab doses at baseline and six months, indicating a sustained pharma-
codynamic suppression followed by biological rebound activation of the
RANK-RANKL axis. The absence of intermediate sampling between six- and
twelve-months limits precise characterisation of this transition phase but sup-
ports a time-dependent rather than random biological response.

Our study also noted that TNFRSF9, a receptor implicated in RANKL-me-
diated osteoclastogenesis, was downregulated in the intervention cohort, sug-
gesting that denosumab may modulate osteoclastogenesis through feedback
regulation. Bidirectional signalling between RANKL and TNFRSF9 may help
maintain cellular homeostasis and regulate osteoclast activity. These findings
draw attention to the need for further mechanistic studies to clarify the path-
ways underlying these observations.
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7.2.2 Study II

The principal finding of Study II is that short-term denosumab treatment fol-
lowing uncemented THA does not result in sustained preservation of pPBMD
at the mid-term follow-up. Although denosumab effectively attenuated early
periprosthetic bone loss during the first postoperative year—as previously re-
ported in this RCT—this protective effect was not maintained after treatment
cessation. Instead, pBMD values gradually converged with those observed in
the placebo group over time (Kiritopoulos et al., 2022; Nystrom et al., 2020;
Skold et al., 2021). This longitudinal convergence suggests that the biological
"window of opportunity’ to pharmacologically inhibit stress shielding may be
limited unless the antiresorptive stimulus is sustained or followed by sequen-
tial therapy.

Importantly, the absence of a long-term between-group difference does not
negate the pharmacological efficacy of denosumab. As a potent inhibitor of
osteoclast-mediated bone resorption through RANKL blockade, denosumab
increases trabecular and cortical BMD (Curtis et al., 2024; Miller et al., 2008).
The present findings instead highlight the transient nature of antiresorptive
modulation within a biological environment primarily governed by mechani-
cal loading, stress shielding, and implant-related load transfer. In uncemented
THA, early postoperative bone loss appears amenable to pharmacological in-
tervention, whereas long-term periprosthetic remodelling is largely deter-
mined by biomechanical factors.

These results are consistent with previous randomised trials of antiresorp-
tive therapy in cementless THA. Several studies have demonstrated a reduc-
tion in early periprosthetic bone loss with bisphosphonates or denosumab, but
have not sustained bone preservation or improved implant fixation after treat-
ment discontinuation (Aro, 2021; Aro et al., 2019; Nystrom et al., 2020;
Skoldenberg et al., 2011).

. Moreover, randomised studies have failed to show a consistent association
between preserved periprosthetic bone density and reduced early implant mi-
gration or subsidence, suggesting that pPBMD may be an imperfect surrogate
for implant stability in non-osteoporotic patients (Aro, 2021; Aro et al., 2019;
Skoldenberg et al., 2011). These findings underscore the need to interpret
changes in pPBMD cautiously and in the context of long-term biomechanical
outcomes.

Increasing attention has been directed toward the rebound phenomenon fol-
lowing denosumab discontinuation, characterised by accelerated bone turno-
ver, BMD loss below pretreatment levels, and heightened risk of vertebral
fractures (Kim et al., 2022; Lamy et al., 2017; Martin-Pérez et al., 2025; Sel-
ling et al., 2021; Tsourdi et al., 2017). In the present cohort, no evidence of a
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clinically relevant rebound phenomenon—defined as back pain and radio-
graphically verified vertebral fractures/compression—was observed. This
finding should be interpreted in light of the study's specific clinical and bio-
logical context: participants were non-osteoporotic, exposure to denosumab
was limited to two doses, and follow-up primarily examined a localised
periprosthetic bone compartment rather than systemic skeletal sites. These
considerations stress the importance of the patient population and treatment
duration when evaluating rebound risk.

Following treatment cessation, pPBMD declined gradually and approached
placebo levels without dropping below baseline values. Importantly, no ver-
tebral fractures or serious skeletal adverse events were observed. Clinically
relevant rebound phenomena have predominantly been described in skeletally
fragile populations exposed to prolonged RANKL inhibition, where rapid
post-cessation increases in bone turnover coincide with pre-existing microar-
chitectural vulnerability and translate into excess fracture risk (Kim et al.,
2022; Lamy et al., 2017; Martin-Pérez et al., 2025; Selling et al., 2021;
Tsourdi et al., 2017). The biological prerequisites for such events were not
present in the current study population.

From a clinical perspective, the absence of a sustained pPBMD benefit is
particularly noteworthy. Preservation of periprosthetic bone density has been
suggested as a surrogate marker for enhanced implant fixation and a reduced
risk of aseptic loosening. However, both the present study and previous ran-
domised trials demonstrate that pharmacologically induced changes in pPBMD
do not necessarily translate into improved implant survival or lower revision
rates in non-osteoporotic patients undergoing uncemented THA (Aro, 2021;
Aro et al., 2019; Nystrom et al., 2020; Skoldenberg et al., 2011). This obser-
vation points to the limitation of pBMD as a standalone surrogate outcome
and emphasises the predominant importance of mechanical stability and initial
fixation in ensuring long-term implant success.

Consistent with this interpretation, Mjoberg proposed that insufficient pri-
mary fixation may serve as an initiating factor in aseptic loosening. According
to this concept, early micromotion at the bone—implant interface can trigger
bone resorption and progressive loss of fixation, even in the absence of sub-
stantial wear debris (Mjoberg, 1994, 1997, 2018).

No differences were observed between treatment groups in clinical out-
come measures, implant survival, or HO. These outcomes were exploratory,
and the study was not powered to detect between-group differences. Never-
theless, the revision rates observed were consistent with national registry data.
In the Swedish Arthroplasty Register, the LINK Collum Femoris Preserving
(CFP) stem has shown an increased relative risk of revision in consecutive
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annual reports (HR 3.76, 95% CI 1.75-8.05 in 2023; HR 3.56, 95% CI 1.29-
9.86 in 2024), although interpretation is limited by small sample size and wide
confidence intervals. The Continuum acetabular cup shows a corresponding
cumulative revision risk of approximately 4.4% at 5 years and 5.4% at 10
years (W-Dabhl et al., 2025. The revision rates reported in the present study
fall within these ranges, supporting the external validity of the findings).
Taken together, the results do not support a clinically meaningful benefit of
short-term denosumab treatment in the routine management of non-osteopo-
rotic patients undergoing uncemented THA.

7.2.3 Study III

The primary aim of this study was to evaluate the quantitative analysis of
periprosthetic 18F-fluoride uptake using 18F-fluoride PET/CT for the diagno-
sis of implant loosening. The findings indicate that quantitative measurement
of 18F-fluoride uptake is reliable and reproducible. The maximum uptake, ex-
pressed as SUVmax, was able to differentiate between loose and well-fixed
THA and TKA components, although this distinction was not observed for
femoral TKA components. Notably, diagnostic accuracy improved when pa-
tients with probable or confirmed PJI were excluded. Specific SUVmax
threshold values and uptake ratios were established as potential indicators for
detecting implant loosening, providing a basis for further clinical validation.
We observed increased 18F uptake around loose compared with well-fixed
components in all cases except for femoral TKA components. This finding
has important clinical implications for pre-revision diagnostics, particularly
for patients with painful THA or TKA when conventional assessments are
inconclusive. Although the application of 18F-fluoride PET/CT in diagnosing
aseptic implant loosening remains relatively underexplored, Koob et al.
(2019) provided supportive evidence in a retrospective study of 26 patients
with 37 implants. In their cohort, 18 implants were revised and 11 were con-
sidered "clinically silent." Rather than relying on quantitative SUV measure-
ments, they employed a qualitative assessment of uptake patterns to identify
loosening, reporting an overall sensitivity of 95% and specificity of 87%.
One challenge with SUV measurement is its dependency on image recon-
struction settings and scanner resolution, which complicates direct compari-
sons across different PET/CT devices. Of note, the femoral TKA component
appears to behave differently from other components, posing unique chal-
lenges for evaluation with 18F-fluoride PET/CT. The underlying cause of this
phenomenon remains unclear and warrants further investigation. One hypoth-
esis is that differences in biomechanical load distribution may lead to higher,
more nonspecific uptake beneath the femoral shield. Supporting this, Duus et
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al. (1990) reported prolonged uptake on bone scans up to two years post-TKA,
which may account for this pattern. Similarly, Son et al. (2016) observed that
the 18F-fluoride uptake pattern in asymptomatic joint reconstructions differs
between THA and TKA, with TKA showing prolonged curvilinear uptake per-
sisting up to 15 months postoperatively. Another possibility is that the femoral
component absorbs more photons, thereby producing pronounced SUV arte-
facts when CT-based attenuation correction is applied.

We observed that ROC analyses showed good to excellent AUC values
when distinguishing between loose and well-fixed arthroplasty components,
except for femoral TKA components. Moreover, this method maintained high
diagnostic accuracy even when applied to a heterogeneous cohort that in-
cluded both aseptic and septic loosening cases. Similarly, Kobayashi et al.
(2011) generated ROC curves and identified an SUVmax threshold of 6.9 for
infection, yielding 81% sensitivity and 80% specificity (AUC 0.87). For asep-
tic loosening, they set a threshold at an SUVmax of 4.9, with 95% sensitivity
and 82% specificity (AUC 0.96). Both their ROC analysis and ours demon-
strate sensitivity and specificity levels that provide high diagnostic accuracy.
However, unlike their findings, our thresholds for aseptic loosening ranged
from SUVmax values of 14 to 20, underlining the need for individual calibra-
tion for each PET/CT device to ensure reliable interpretation.

7.2.4 Study IV

Study IV extends the diagnostic framework established in Study III by directly
comparing two PET tracers with distinct biological targets in patients with
suspected PJI. The results demonstrate that tracer selection substantially in-
fluences diagnostic performance, as 18F-FDG and 18F-fluoride capture fun-
damentally different aspects of the periprosthetic biological environment. This
distinction is consistent with the established biological mechanisms of tracer
uptake. 18F-FDG reflects cellular inflammatory activity, whereas 18F-fluo-
ride reflects osteoblastic activity and bone turnover (Basu et al., 2014; Czernin
et al., 2010; Even-Sapir et al., 2007; Kim & Kim, 2021).

A key finding of Study 1V is the superior ability of 18F-FDG PET/CT to
discriminate between infected and non-infected arthroplasty components
compared with 18F-fluoride PET/CT when EBIJIS criteria are used as the ref-
erence standard. Elevated 18F-FDG uptake was consistently associated with
infection across most components, reflecting increased glucose metabolism in
activated immune and inflammatory cells at the bone—implant interface. This
observation aligns with previous studies demonstrating the diagnostic value
of 18F-FDG PET/CT in prosthetic joint infection, although reported accuracy
has been found to vary depending on interpretation criteria and reference
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standards (Basu et al., 2014; Kim & Kim, 2021; Kwee et al., 2018; Verberne
et al., 2018). Taken together, these findings highlight the importance of tracer
selection in PET/CT imaging for suspected PJI. While 18F-fluoride provides
valuable information on bone turnover and osteoblastic activity, its diagnostic
utility in infection appears limited compared with 18F-FDG. The complemen-
tary biological information captured by these tracers suggests that a combined
or sequential imaging approach could potentially enhance diagnostic accu-
racy, particularly in complex cases where conventional assessments remain
inconclusive.

Using EBJIS as the reference standard, FDG PET/CT demonstrated a diag-
nostic profile characterised by relatively higher specificity than sensitivity.
This contrasts with several earlier studies and suggests that FDG uptake in this
cohort may reflect more infection-specific inflammatory activity rather than
nonspecific postoperative or aseptic inflammation.

In contrast, although 18F-fluoride uptake was frequently elevated in in-
fected cases, its diagnostic performance was limited by substantial overlap
with aseptic conditions. This observation is biologically plausible, as 18F-flu-
oride uptake reflects osteoblastic activity and bone remodelling, processes that
may be increased in multiple non-infectious conditions, including mechanical
instability, stress redistribution, and ongoing physiological remodelling
around well-fixed implants (Adesanya et al., 2015; Czernin et al., 2010; Koob
et al., 2019; Ullmark, 2020). Therefore, increased 18F-fluoride uptake cannot
be interpreted as infection-specific, particularly in the absence of clear me-
chanical loosening.

The results of Study IV also provide important context for the findings of
Study III. In the revision setting, 18F-fluoride PET/CT differentiated loose
from well-fixed components with good diagnostic accuracy, supporting its
role as a marker of mechanically driven bone remodelling (Koob et al., 2019;
Skold et al., 2025; Ullmark, 2020). However, when the clinical question shifts
from loosening to infection, as in Study IV, the same tracer shows limited
discriminatory capacity. Together, these findings indicate that 18F-fluoride
PET/CT is primarily informative for mechanical complications, whereas 18F-
FDG PET/CT is better suited for identifying infection-related inflammatory
activity.

When radiological FDG-PET/CT interpretation was evaluated according to
EBIIS classification, diagnostic performance was characterised by moderate
sensitivity and consistently high specificity, resulting in a high negative pre-
dictive value. This pattern closely mirrored the findings from quantitative
SUVmax analyses, where discrimination was strongest for certain anatomical
components and limited for others. The concordant strengths and weaknesses
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observed for radiological interpretation and SUVmax suggest that both meth-
ods reflect similar underlying biological signals rather than independent diag-
nostic phenomena. A notable contrast to the findings of Kiran et al. (2019) is
the different balance between sensitivity and specificity. Whereas that study
reported very high sensitivity but low specificity for FDG-PET when evalu-
ated according to MSIS criteria, the present study demonstrated more moder-
ate sensitivity but higher specificity within the EBJIS framework. This differ-
ence likely reflects variations in reference standard, analytical approach, and
the biological nature of FDG uptake, which reflects inflammatory activity ra-
ther than infection per se. Importantly, both studies demonstrated a similarly
high negative predictive value, supporting the role of FDG-PET primarily as
a tool to exclude infection rather than confirm it.

Diagnostic performance varied by anatomical component. Both tracers
showed limited ability to discriminate infection in acetabular cups, illustrating
the importance of cautious interpretation of PET/CT findings in this region
and integration with clinical and surgical context. Reduced discrimination be-
hind the acetabular cup may partly reflect the heterogeneous anatomical dis-
tribution of PJI, since infection does not involve all implant interfaces. In con-
trast, involvement of the femoral side may be more readily detected in some
cases. The intramedullary environment of long bones may facilitate microbial
persistence and spread, although evidence comparing anatomical distribution
remains limited. Technical and biological factors—including implant fixation,
local inflammatory response, and tracer-specific uptake mechanisms—likely
also contribute to the observed differences in diagnostic performance.

Reduced performance for femoral components in TKA likely reflects a
combination of postoperative bone adaptation, implant design, and technical
challenges related to partial volume effects and metal artefacts (Gelderman et
al., 2018; Mayer-Wagner et al., 2010; Sterner et al., 2007). These component-
specific limitations reinforce the importance of interpreting PET/CT findings
in conjunction with implant type, anatomical location, and clinical context ra-
ther than applying uniform diagnostic thresholds. Careful integration of imag-
ing results with surgical history, implant characteristics, and patient-specific
factors is therefore essential to avoid misclassification and to optimise diag-
nostic accuracy.

From a clinical perspective, the findings of Study IV support the targeted
rather than generic use of PET/CT in evaluating painful arthroplasties. When
infection is suspected, 18F-FDG PET/CT provides more clinically relevant
information than 18F-fluoride PET/CT. In contrast, increased 18F-fluoride
uptake should be interpreted with caution in this setting, as it may reflect non-
infectious bone remodelling rather than infection. These results are consistent

96



with current EBJIS and consensus-based diagnostic approaches, which em-
phasise that imaging should serve as an adjunct rather than a standalone diag-
nostic test (International Consensus Meeting 2025, ICM Istanbul, 2025;
McNally et al., 2021).

Notably, semi-quantitative SUVmax analysis performed by an orthopaedic
surgeon demonstrated diagnostic performance comparable to expert radiolog-
ical interpretation, suggesting that structured quantitative assessment may re-
duce observer dependency and increase the clinical accessibility of PET/CT
in orthopaedic practice.

Across analyses, 18F-FDG PET/CT consistently demonstrated high nega-
tive predictive value, supporting its primary clinical role as a tool to exclude
rather than confirm infection.

Collectively, Study IV clarifies the complementary but non-interchangea-
ble roles of PET tracers in evaluating arthroplasty complications. The findings
support a pathophysiology-driven selection of imaging modalities, in which
tracer choice is guided by the dominant clinical question—mechanical insta-
bility or suspected infection—rather than by availability alone.

7.3 Limitations
7.3.1 Study I

Our study was limited by its post hoc analysis and by a sample size initially
designed to investigate pPBMD rather than inflammatory markers. These limi-
tations may have led to type II errors, as most inflammatory markers showed
no significant differences between treatment groups. We validated the PEA-
derived findings for RANKL through ELISA, confirming substantial RANKL
upregulation with denosumab treatment, particularly at three months.
TNFRSF9 was temporarily downregulated at three months but returned to
baseline levels by six months. Unexpectedly elevated RANKL levels suggest
potential interference with PEA measurement, although PEA technology gen-
erally prevents cross-reactivity due to its unique DNA-binding mechanism
(Assarsson et al., 2014).

7.3.2 Study II

Study II has several limitations that should be considered when interpreting
the findings. First, the five-year follow-up represents an exploratory extension
of a previously conducted RCT and was not pre-specified in the original study
protocol or trial registration. Consequently, no formal sample size calculation
was performed for the mid-term analyses, and the study was not powered to
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detect small between-group differences in pBMD or rare clinical events. The
absence of statistically significant differences should therefore be interpreted
in the context of limited statistical power.

Second, the study population was highly selected. Inclusion was restricted to
non-osteoporotic patients <65 years, with unilateral hip OA and a relatively low
comorbidity burden. While this reflects clinical practice for uncemented THA
at the time of study initiation, it limits the generalisability of the findings to older
patients, individuals with osteoporosis, those with bilateral disease, or individ-
uals at higher fracture risk. These restrictions may also have reduced the likeli-
hood of detecting clinically meaningful effects of antiresorptive treatment.

Third, denosumab exposure was limited to two doses administered during the
first postoperative year. This short treatment duration was sufficient to demon-
strate a clear early pharmacological effect on periprosthetic bone loss but may
have been inadequate to influence longer-term bone remodelling. The study de-
sign did not include a predefined post-treatment strategy, such as sequential anti-
resorptive therapy, which is now recommended in other clinical contexts follow-
ing denosumab discontinuation (Kim et al., 2022; Lamy et al., 2017; Martin-Pérez
et al., 2025; Selling et al., 2021; Tsourdi et al., 2017). Whether alternative treat-
ment durations or sequential regimens could modify long-term periprosthetic
bone preservation cannot be addressed by the present data.

Fourth, pBMD was used as the primary outcome measure. Although pPBMD
is a well-established and reproducible surrogate marker, its relationship with
clinically relevant endpoints, including implant fixation, migration, and long-
term revision risk, remains uncertain. The study did not include radiostereomet-
ric analysis, which could have provided more sensitive information on early mi-
cromotion and implant stability. Radiostereometric analysis was not performed
due to concerns regarding cumulative radiation exposure in participants who
also underwent PET examinations during the early follow-up period.

Fifth, clinical outcomes such as implant revision, HO, and vertebral frac-
tures were secondary or exploratory endpoints. The study was not powered to
detect differences in these outcomes, and a systematic assessment of vertebral
fractures was not part of the protocol. Thoracolumbar spine radiographs were
only obtained in participants reporting back pain, meaning that asymptomatic
non-clinical vertebral fractures may have gone undetected.

Finally, under ethical approval, registry data or medical records of partici-
pants lost to follow-up could not be accessed. As a result, no outcome data are
available for these individuals, and potential differences between participants
who attended the five-year follow-up and those who did not cannot be excluded.
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7.3.3 Study III

This retrospective study evaluated the diagnostic accuracy of 18F-fluoride
PET/CT for detecting implant loosening, with surgical confirmation as the
reference standard. Surgeons were not blinded to the PET/CT results, which
may have influenced their intraoperative assessment. This lack of blinding,
combined with varied reasons for revision surgery, introduces a potential con-
firmation bias that could be mitigated in a prospective, blinded study.

All revisions were performed at a single unit by experienced surgeons;
however, the retrospective nature of the study led to inconsistencies in docu-
menting implant stability during surgery. Detailed categorisations of implant
stability were lacking, and our interpretation of the operative notes was likely
less precise than that of standardised protocols.

The small cohort size led to substantial uncertainty in the estimates of sen-
sitivity and specificity, particularly for SUVmax thresholds. The absence of
significant differences in SUVmax for femoral TKA components may be at-
tributable to the small sample size. Moreover, SUVmax values are not univer-
sally comparable across different PET/CT devices, although technical calibra-
tion can mitigate this issue (De Luca & Habraken, 2022).

The study included various implants and fixation methods, which affected
results due to differences in bone metabolism around cemented versus cement-
less implants. The lower accuracy of SUVmax around femoral TKA compo-
nents, typically made of cobalt-chromium alloys, may be due to greater photon
attenuation by these denser materials than by titanium (Konishi et al., 2021;
Suh et al., 2020).

Including both PJI and non-PJI patients was a potential limitation. Sensi-
tivity analysis excluding PJI patients improved diagnostic accuracy, support-
ing the method's validity for non-infected cases. However, distinguishing be-
tween infected and non-infected patients is challenging (Adesanya et al.,
2015), and some low-grade infections may have been misclassified.

SUVmax measurements were performed by novice observers, trained by an
expert, which, despite excellent reliability, represents a limitation. Another
concern was the inconsistent intervals between PET/CT scans and revision
surgeries; in one instance, the interval was three years. This variability com-
plicates comparisons, as implant loosening might progress to infection over
time, or well-fixed implants may eventually become loose.

Lastly, the timing of PET/CT relative to the initial arthroplasty varied: two
scans were performed less than a year post-surgery, which may reflect post-
operative bone metabolism rather than implant loosening. Further studies are
needed to refine these findings and address the noted limitations.
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7.3.4 Study IV

A small cohort overlap between Study III and Study IV (n = 11) constitutes a
methodological limitation. In eight cases, the same 18F-fluoride PET/CT exam-
ination was used in both studies, with SUVmax independently recalculated ac-
cording to study-specific analytical protocols. Although the studies addressed
different research questions, the partial reuse of imaging data introduces some
degree of non-independence between the cohorts, which should be acknowl-
edged when interpreting the results. But there are several other limitations that
warrant consideration when interpreting the findings of study IV.

First, the study was retrospective in design and based on clinically indicated
PET/CT examinations. Although this reflects real-world diagnostic practice in
patients with arthroplasties that are diagnostically challenging, it also intro-
duces the risk of selection bias. The study population represents a subgroup in
whom conventional diagnostic work-up was inconclusive, and the results may
therefore not be directly generalisable to unselected arthroplasty populations
or to routine screening settings.

Second, although the EBJIS criteria (McNally et al., 2021) provided the
reference standard for infection classification, its status as a ‘gold standard’ is
not without caveat. In the context of low-grade or culture-negative PJI, the
risk of misclassification remains an inherent challenge that may have subtly
skewed the diagnostic accuracy estimates for both tracers. Notably, by inten-
tionally excluding imaging findings from the EBJIS classification, we suc-
cessfully mitigated incorporation bias; however, this also highlights the inher-
ent limitations of validating novel imaging against a composite standard that
is itself subject to clinical interpretation (McNally et al., 2021).

Third, the study cohort was heterogeneous in implant design, fixation
method, and time since index surgery. Although component-level analyses
were employed to account for anatomical differences, the potential for resid-
ual confounding—driven by implant-specific geometry, baseline bone stock,
and idiosyncratic remodelling patterns—cannot be entirely dismissed. Fur-
thermore, the modest sample size within individual subgroups precluded ro-
bust stratified analyses, limiting the granularity of our conclusions regarding
specific implant types.

Fourth, tracer uptake was quantified using SUVmax. Although this metric
is favoured for its reproducibility and widespread clinical use, it remains in-
herently sensitive to technical factors, including scanner-specific characteris-
tics, reconstruction algorithms, and partial volume effects—a limitation well-
documented in PET/CT literature (Czernin et al., 2010; Even-Sapir et al.,
2007). To mitigate this limitation, we used a single PET/CT system and a
standardised imaging protocol. Nevertheless, the absolute SUVmax values
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and exploratory thresholds identified in this study should be interpreted as in-
stitution-specific and may not be directly transferable to centres using differ-
ent hardware or processing pipelines.

Fifth, the interpretability of PET/CT findings is inherently component-spe-
cific. We observed diminished diagnostic performance in certain anatomical
regions, most notably the acetabular cups and femoral components of TKAs.
These regional discrepancies likely arise from a complex interplay of pro-
longed physiological remodelling, implant-specific stress shielding, and tech-
nical hurdles—specifically metal artefacts and the relative sparsity of
periprosthetic bone volume available for analysis. Hence, negative or equivo-
cal results in these specific locations warrant a high degree of clinical caution
to avoid false-negative interpretations.

Finally, although intra- and interobserver reliability for 18F-FDG SUVmax
measurements was generally robust, reproducibility fluctuated across specific
components. This variability highlights that quantitative PET/CT interpreta-
tion remains contingent on clinical expertise and rigorous standardisation;
consequently, simplified numerical thresholds cannot entirely replace qualita-
tive assessment. Such findings align with existing literature on observer vari-
ability in PET/CT evaluation (Basu et al., 2014; Verberne et al., 2018) and
reinforce the need for a nuanced, rather than purely algorithmic, diagnostic
approach.
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8 Conclusion and clinical implications

The studies comprising this thesis offer novel insights into the dynamics of
periprosthetic bone remodelling, the efficacy of pharmacological intervention
in modulating bone turnover, and the diagnostic utility of advanced molecular
imaging following total joint arthroplasty. In non-osteoporotic cohorts under-
going uncemented THA, short-term denosumab treatment successfully atten-
uated early periprosthetic bone resorption and suppressed systemic biochem-
ical markers of bone turnover. However, these biological effects proved tran-
sient and were not sustained at the five-year follow-up. This observation sug-
gests that while potent antiresorptive therapy can temporarily decouple the
remodelling process, it does not fundamentally or permanently alter the long-
term trajectory of periprosthetic bone metabolism in patients with healthy
baseline bone quality.

Following treatment discontinuation, a distinct rebound phenomenon was
observed, characterised by a surge in biochemical bone turnover markers and
a sharp upregulation of RANKL expression. Proteomic profiling identified a
pronounced increase in systemic RANKL within the first year after deno-
sumab treatment, peaking at three months, whereas TNFRSF9 was downreg-
ulated. The absence of consistent changes in other inflammatory markers sug-
gests that this response is specifically metabolic rather than globally inflam-
matory. These findings indicate that RANKL upregulation—potentially me-
diated by reverse signalling mechanisms and the sequestration of osteomorphs
(McDonald et al., 2021)—may drive the rapid reversal of bone preservation
observed upon treatment discontinuation.

From a clinical perspective, administering two doses of denosumab to pre-
vent periprosthetic bone loss following uncemented THA is not recommended
based on the present results. The transient nature of the response and the sub-
sequent rebound effect suggest that this abbreviated regimen lacks long-term
efficacy. Whether prolonged treatment or sequential therapy with alternative
antiresorptive agents can yield sustained benefits without increasing risk re-
mains speculative; such strategies warrant rigorous evaluation in specifically
powered clinical trials before they can be considered for routine practice.

Advanced metabolic imaging has emerged as a significant adjunct to con-
ventional diagnostic pathways for evaluating painful arthroplasties.
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Quantitative 18F-fluoride PET/CT demonstrated high diagnostic accuracy and
excellent reproducibility for detecting implant loosening in the THA cup,
THA femoral stem, and tibial TKA component. In contrast, diagnostic perfor-
mance was reduced for the femoral TKA component. In a pragmatic clinical
setting that included patients with both aseptic loosening and low-grade infec-
tion, the method proved feasible and relatively easy to implement. When PJI
could be reliably excluded by other diagnostic means, diagnostic accuracy im-
proved further, supporting the interpretation that increased 18F-fluoride up-
take reflects altered bone turnover and mechanical adaptation rather than in-
fection-specific pathology. Further prospective studies incorporating stand-
ardised intraoperative fixation assessment and longitudinal follow-up are re-
quired to validate these findings and elucidate the technical or physiological
drivers of the reduced performance observed in femoral TKA components.

In clinically ambiguous cases, 18F-FDG PET/CT demonstrated superior
diagnostic performance for PJI compared with 18F-fluoride PET/CT. This
finding indicates the importance of inflammatory rather than purely osteo-
blastic signalling in infection and highlights that increased bone turnover
alone is not specific for the underlying cause of implant failure. From a clinical
standpoint, these results indicate that PET tracers are not interchangeable, and
the underlying diagnostic question should guide tracer selection. While 18F-
fluoride PET/CT should primarily be regarded as an imaging biomarker of
periprosthetic bone metabolism and implant fixation, 18F-FDG PET/CT may
serve as a complementary modality for evaluating suspected infection when
conventional diagnostics are inconclusive.

Within this clinical context, mechanistic models of aseptic loosening pro-
vide a conceptual framework for interpreting the observed findings. Experi-
mental evidence has demonstrated that mechanical instability, intraarticular
pressure fluctuations, and high-velocity interfacial fluid flow can trigger in-
flammatory activation and osteoclast recruitment at the bone—implant inter-
face—independent of wear particle generation. These mechanobiological
pathways potentially elucidate early osteolytic responses and the pronounced
individual variability in susceptibility to periprosthetic bone loss. However,
the extent to which such mechanisms drive the progression of late-stage asep-
tic loosening in humans remains elusive. Furthermore, direct clinical evidence
bridging experimental mechanobiology with longitudinal shifts in peripros-
thetic bone density, systemic biomarkers, and in vivo imaging markers re-
mains sparse.

In summary, this thesis supports the view that periprosthetic bone is a dy-
namic, mechanically sensitive tissue in which pharmacological modulation,
metabolic imaging, and inflammatory signalling interact in a complex,
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multifactorial manner. While short-term antiresorptive therapy can transiently
attenuate early periprosthetic bone loss following uncemented THA, it fails to
confer lasting protection against remodelling. Conversely, tracer-specific
PET/CT imaging provides distinct, pathophysiology-driven data that signifi-
cantly enhances the diagnostic evaluation of painful hip and knee arthroplas-
ties. Future research should focus on integrating imaging biomarkers with sys-
temic markers, mechanical risk factors, and longitudinal clinical data to im-
prove the prediction of implant failure, distinguish between mechanical, par-
ticle-induced, and infectious mechanisms, and identify specific patient cohorts
who may benefit from targeted preventive or therapeutic interventions.
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9 Sammanfattning pa svenska

Denna avhandling behandlar periprostetisk benmetabolism vid hoft- och kné-
proteser och bygger pé fyra studier. Tva studier undersdoker denosumab och
dess paverkan pa benomsittning, medan tva studier utvdrderar avancerad
PET/CT-baserad bilddiagnostik for att analysera benremodellering, implan-
tatfixation och periprostetisk infektion.

Studie I analyserade den biologiska effekten av denosumab pa inflamma-
toriska och benrelaterade signalvdgar efter ocementerad total hoftprotes
(THA). Behandlingen gav en selektiv biologisk respons med 6kad systemisk
RANKL-niva och samtidig nedreglering av TNFRSF9, utan bred aktivering
av andra inflammatoriska markorer. Denna riktade paverkan pd RANK-—
RANKL-axeln ger en mojlig forklaring till den 6kning i benomséttning och
den snabba periprostetiska benforlust som observerades efter utséttning av be-
handlingen.

Studie II utvirderade langtidseffekterna av tva doser denosumab pé peri-
prostetisk benmineralhalt fem ar efter THA. Trots initial ddmpning av benfor-
lusten under forsta aret sags inga kvarstdende skillnader mellan behandlings-
och placebogrupp vid fem &r. Resultaten talar for att kortvarig antiresorptiv
behandling inte fordndrar den ldngsiktiga, mekaniskt styrda benremodelle-
ringen kring implantat och ifragasétter den kliniska nyttan av behandlingen i
denna patientgrupp.

Studie III undersokte den diagnostiska precisionen hos 18F-fluorid
PET/CT for att identifiera aseptisk implantatlossning. Metoden visade hog di-
agnostisk traffsdkerhet och god reproducerbarhet for de flesta komponenter,
sdrskilt vid hoftproteser och i tibiakomponenten vid kndproteser. Daremot var
prestandan lagre for femurkomponenten i kndproteser. Resultaten stodjer tolk-
ningen att okat fluoridupptag framst speglar férandrad benomsattning och me-
kanisk belastning snarare dn infektion.

Studie IV jamforde 18F-FDG PET/CT och 18F-fluorid PET/CT vid miss-
tankt periprostetisk infektion, klassificerad enligt EBJIS-kriterier. FDG upp-
visade overlag battre diagnostisk formaga &n fluorid, med tydligast diskrimi-
nation i tibiakomponenten vid knédproteser och mer begransad prestanda kring
acetabularkomponenten. Den diagnostiska noggrannheten varierade mellan
anatomiska regioner, och FDG visade genomgaende hog negativ prediktiv
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forméga, vilket talar for en sdrskild roll i att utesluta infektion snarare dn att
bekrifta den. Sammantaget visar resultaten att FDG framst speglar inflamma-
torisk aktivitet, medan fluorid aterspeglar benremodellering och mekanisk ad-
aptation.

Sammanfattningsvis visar avhandlingen att periprostetiskt ben dr en dyna-
misk och mekaniskt kénslig vdvnad dar farmakologisk paverkan, inflammato-
risk signalering och mekanisk belastning samverkar. Denosumab kan tillfal-
ligt minska tidig benforlust men ger inga langsiktiga fordelar och kan foljas
av accelererad benomséttning efter utséttning. PET/CT-baserad metabol bild-
diagnostik tillfér ddremot komplementdr, biologiskt férankrad information
som kan forbattra diagnostiken vid smartsam protes. 18F-fluorid PET/CT éar
sarskilt anvandbar for att pdvisa mekanisk lossning, medan 18F-FDG PET/CT
ar mest vardefull for att utesluta infektion i diagnostiskt svarbedémda fall. In-
tegrering av bilddiagnostik med kliniska, biomekaniska och biologiska mar-
korer kan pa sikt bidra till béttre prediktion av implantatsvikt och mer indivi-
dualiserad behandling.
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