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Abstract 
Nyström, A. 2022. Uncemented Total Hip Arthroplasty. Aspects on Bone Biology, Implant 
Fixation, Periprosthetic Bone Remodeling, Bone Mineral Density and Effects of Denosumab. 
Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 
1838. 66 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1473-0. 

Uncemented total hip arthroplasty (THA) is associated with loss of periprosthetic bone mineral 
density (BMD). The collum femoris preserving (CFP) stem lost 28% of proximal BMD at 2 
years. The overall purpose of this thesis was to study the long-term results of the CFP stem 
in BMD and implant stability (study III) and whether periprosthetic BMD can be preserved 
with denosumab (study I). Secondary objectives were to evaluate a CT-based technique as an 
alternative to radiostereometric analysis (RSA) and investigate the reliability, agreement, and 
precision of periprosthetic [18F]-fluoride PET/CT (F-PET). In study I, a randomized controlled 
trial, we studied the effect of denosumab on 1) periprosthetic BMD by dual-energy x-ray 
absorptiometry (DXA), 2) periprosthetic bone formation by F-PET, and 3) serum markers 
of bone turnover. We found that denosumab prevents early periprosthetic bone loss and 
reduces periprosthetic and systemic bone turnover. Study II is a methodologic-, multicenter 
study investigating the precision of low-dose CT-based implant motion analysis (CTMA). We 
determined the precision of CTMA by repeated measures and found it to be high. In study III we 
examined the long-term results of the CFP stem. The cohort from a previous, prospective study 
on the CFP stem was followed up for a minimum of 8 years with DXA and RSA. Periprosthetic 
BMD was not restored, and further bone loss was seen in the proximal part of the femur; 
however, the stems appeared stable on RSA. In study IV, we looked at the reliability, agreement, 
and precision of periprosthetic F-PET. F-PET investigations from study I were analyzed twice 
by two independent observers, at least 3 weeks apart. Reliability was excellent, agreement was 
high, and precision was moderate between and within observers. In conclusion, denosumab 
prevents periprosthetic BMD loss and the CFP stem shows continuous periprosthetic bone loss 
8 years after surgery, but the implants remain stable. In addition, this thesis shows that CTMA 
is a precise method and a viable alternative to RSA. Finally, it demonstrates that periprosthetic 
F-PET is a reliable method with high inter- and intraobserver agreement. 
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The generation now coming out of Western schools is unable to distinguish 

good from bad. Even those words are unacceptable. This results in impaired 

thinking ability. 

Aleksandr Solzhenitsyn 

To Sven, Ragnar, Erik & Frida  
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Introduction 

Osteoarthritis 

Osteoarthritis (OA) is a disease of the joints with a high, and increasing, 

prevalence. Although age is the most powerful risk factor, OA is still highly 

prevalent in middle-aged people. Approximately two thirds of patients with 

OA are under the age of 65 years (1). Apart from old age, clinical risk factors 

include obesity, female sex, elevated levels of joint loading, smoking status 

and family history of OA. To date there are at least 21 gene loci associated 

with OA, many of which are joint specific (2–4). 

The pathophysiology of primary OA is thought to be an imbalance between 

degradation and regeneration of joint tissue resulting in progressive cartilage 

loss, synovitis and remodeling of subchondral bone (1).    

Some authors have emphasized synovial inflammation as a cause of OA, 

whereas others believe the changes in chondrocytes play a central part (5–7).   

Current treatment options include non-pharmacological (patient education and 

physiotherapy), pharmacological (analgesic drugs) and, as a last resort, 

surgical intervention (8).  

Total Hip Arthroplasty  

Total hip arthroplasty (THA) is the gold standard surgical procedure for 

advanced osteoarthritis of the hip (OAH). The results are excellent, with a less 

than 5% revision rate in Sweden after 10 years (9). Younger patients are more 

likely to have uncemented implants and have less favorable results (9,10). The 

most common sources of failure and revision are implant loosening, infection, 

periprosthetic fractures, dislocation, wear and osteoclast-mediated osteolysis 

(9,11,12). More than 18,600 THAs were performed in Sweden in 2018, of 

which 81% were due to primary osteoarthritis. There has been a trend towards 

more THAs being performed in younger patients. Although the average age 

of patients undergoing THA started increasing again by 2010, 41% of men 

who underwent THA in 2018 were under 65 years (9).  

In Sweden, an increasing proportion of patients are receiving uncemented 

implants. In 2000, 2% of patients in all age groups received uncemented 

implants. In 2018 this figure was 28% with the increase most pronounced in 

younger age groups (9). A considerable number of the younger patients will 
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live much more than 10 years after a THA and will have more extensive 

demands on the implants compared to elderly patients with a more sedentary 

lifestyle. This will increase the population at risk for revision surgery as a 

function of time and potentially as a function of load per time unit demanded, 

and exerted, by younger individuals (13).  

Femoral Stems, Bone Biology and Pharmacological 

Interventions 

Bone is a living tissue strictly controlled to maintain the strength of the 

skeleton and calcium balance. It consists of cells (osteoblasts, osteocytes, 

osteoprogenitor cells and osteoclasts) and the extracellular matrix. The 

extracellular matrix, in turn, is composed of 30% organic substance (mainly 

collagen type I) and almost 70% mineral (hydroxyapatite) (14).  

Bone is constantly being remodeled throughout life. There is no net change 

in bone mass if bone resorption and bone formation are in balance. During 

growth in childhood and adolescence, bone formation exceeds bone 

resorption, leading to a net increase in bone mass. However, resorption 

exceeds bone formation in the last decades of life, leading to a net decrease. 

An imbalance towards bone resorption can lead to bone fragility, which 

increases fracture risk due to low-energy trauma (15). To ensure balance in 

bone turnover, bone formation and bone resorption are coupled mechanisms 

(16–19). The formation and structure of bone are highly dependent on the load 

applied. According to Wolff's law, bone reshapes and bone hypertrophy occur 

as a response to physical activity (20,21,16,22). Immobilization or unloading 

of a limb (e.g., after a fracture or during spaceflights) causes a decrease in 

bone mass as a physiological response (23). Increased load, as in the dominant 

arm of tennis players, causes increased bone mineral density (BMD) (24). The 

response of bone to load is mediated through the interstitial fluid of the 

canaliculi affecting osteocytes (17,21,25). 

The femoral stem of a THA can be fixed by cemented or uncemented 

techniques. In the former, the stem is inserted into the femoral canal after 

filling the canal with polymethyl methacrylate (PMMA). When the PMMA 

hardens, the stem is fixed to bone with full strength within approximately 10 

minutes. In uncemented THA, the stem is press-fitted into the femoral canal. 

The initial fixation is mechanical allowing for immediate weight-bearing (26). 

Within the first 3 months after surgery, bone grows into the metal, creating a 

secondary, biological fixation. 

Reduction of BMD around the femoral stem implant indicates possible 

problems with bone strength and risk for periprosthetic fractures (27,28). 

Several reports on stems, with different fixation principles have shown 

reduction of BMD adjacent to the femoral stem, for the first 2 years and 
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persistent or worsening over time (27–29,26,30–32). BMD loss occurs mainly 

in the proximal regions of the femur and is considered a consequence of stress-

shielding. Stress-shielding means that mechanical load is transferred through 

the rigid implant, unloading proximal bone and thus, according to Wolff’s law, 

causing a reduction in BMD (33). Attempts to overcome stress-shielding have 

resulted in stem designs targeting more proximal fixation and loading, such as 

the collum femoris preserving (CFP) stem (34). However, the CFP stem shows 

proximal periprosthetic bone loss of the same magnitude as conventional 

stems (35). Some studies have found a plateauing of periprosthetic bone loss 

after the first year (36), whereas others have reported continuous bone loss 

(37,38). One other study showed partial restoration of periprosthetic BMD 

(39). The long-term clinical results of the CFP stem have been favorable in 

retrospective and prospective studies lacking data on BMD or implant stability 

(40–43). Thus, the long-term result of the CFP stem in terms of periprosthetic 

BMD and implant stability is unknown. 

Antiresorptive Drugs 

Several drug compounds have been shown to affect bone turnover, increase 

BMD and reduce fracture risk. Some of these drugs are now on the market for 

clinical use in osteoporosis. So far, the most common drugs are those that 

reduce bone resorption. Of these, the most widely used are the 

bisphosphonates (BPs). Studies have shown effects on osteoclasts and 

precursors to osteoclasts. BPs are potent in increasing BMD, suppressing or 

reducing bone turnover markers (BTMs), and ultimately preventing fractures 

(44–47). BPs bind with high affinity and deposit both in newly formed bone 

and under the osteoclasts. They reduce bone resorption by inhibiting 

osteoclastic activity and shorten their life span by increased apoptosis (48).  

Nitrogen-containing BPs (e.g., alendronate, zoledronate, ibandronate, and 

risedronate) act chemically by inhibiting the mevalonate pathway. They 

inhibit protein prenylation and induce osteoclast apoptosis (49,50). The 

potency of BPs to inhibit bone resorption varies and corresponds well to their 

effect on the mevalonate pathway. Non-nitrogen-containing BPs (e.g., 

etidronate and clodronate) act by interfering with intracellular ATP-dependent 

pathways. They do not induce apoptosis of osteoclasts and show less efficacy 

(51). BPs are slowly released from the skeleton resulting in a half-life of 

several years. Although an advantage in increasing BMD, this might cause 

spontaneous, pathological subtrochanteric stress fractures or atypical femoral 

fractures (AFFs) reported in patients on long-term therapy with BPs (52–57).  

Most BPs are administered orally and, due to a relatively high incidence of 

gastro-intestinal side-effects, and a somewhat complicated routine at intake, 

compliance to treatment in a routine setting is often <50% after 1 year of 

treatment (58). An alternative to oral treatment is an intravenous once-yearly 
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treatment with zoledronic acid (a nitrogen-containing BP). Because of its high 

efficacy and guaranteed compliance, the effects on BMD and biochemical 

markers for bone turnover can be expected to last up to 2–3 years after a single 

infusion (59). 

  

A completely different way to inhibit bone resorption is to use denosumab, a 

human monoclonal antibody with osteoprotegerin (OPG)-like action. 

Receptor activator of nuclear factor kappa-B (RANK) is a receptor expressed 

on the surface of maturing osteoclasts. RANK inhibition by OPG is essential 

in maintaining the correct balance between bone resorption and bone 

formation (60,61). RANK ligand (RANKL) molecules are expressed on the 

surface of osteoblasts and can be released in a soluble form to stimulate 

osteoclasts to mature by binding to the RANK on the surface of the osteoclast. 

By binding to RANK, RANKL stimulates bone resorption. OPG is produced 

and secreted by osteoblasts and can prevent RANKL from binding to RANK 

and inhibit bone resorption (61) (Fig 1).  

Denosumab mimics the effect of OPG on RANKL and can block the 

RANKL/RANK complex rendering fewer osteoclasts, malfunctioning 

osteoclasts and apoptosis (61). Denosumab is a human monoclonal IgG2-

antibody derived from mammals with recombinant DNA-technology. 

An injection of 60 mg of denosumab every 6 months increases BMD, 

reduces bone turnover, and decreases the risk of low-energy fractures. The 

reduction in fracture risk is of the same magnitude as for zoledronic acid 

(46,62).   

The drug was approved in 2010 for fracture prevention (Prolia®, Amgen, 

USA). At the time of initiation of study I, there were no reports on the effects 

of denosumab on periprosthetic BMD. As in the case of BPs, the potent 

inhibition of bone turnover carries the risk of inducing stress fractures. There 

are reports of patients on denosumab suffering AFFs but the number of cases 

is low (63–65).  

A third option is to increase BMD by increasing bone formation rather than 

inhibiting bone resorption. Parathyroid hormone (PTH), excreted by the 

parathyroid glands, plays a central part in regulating calcium and phosphate 

balance in serum and extracellular fluid. A decrease in serum calcium (S-Ca) 

triggers PTH excretion, reducing renal clearance of calcium and mobilizing 

calcium from bone, which increases S-Ca. 

Teriparatide is a PTH analog used in the treatment of osteoporosis. When 

given as a continuous infusion it stimulates osteoclasts and reduces BMD 

analogous to the effects in hyperparathyroidism. However, when administered 

as intermittent injections teriparatide stimulates osteoblasts causing an 

increase in BMD and a reduction in fracture risk (66,67). Teriparatide inhibits 

periprosthetic BMD loss in the short term as effectively as alendronate (68). 

Attempts to address the problem with BMD loss around hip implants by 

concomitant use of BPs (e.g., clodronate, etidronate, alendronate, and 
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risedronate) have only been partly successful. Periprosthetic bone loss is 

reduced but the effect is transient (69). Local application and oral treatment 

with BPs in knee and hip replacement improve implant stability (70–72) but 

this effect is not seen with teriparatide (73).  

A fourth option is represented by romosozumab, a monoclonal antibody 

that inhibits sclerostin. Inhibition of sclerostin causes reduced bone resorption 

as well as stimulation of bone formation, resulting in increased bone mass of 

normal quality. It holds potential as a drug in treating osteoporosis, but the 

safety regarding cardiovascular risk remains unclear (74,75).     

 

In summary, there are three principally different mechanisms to achieve 

increased BMD: inhibition of resorption, stimulation of bone formation or a 

combination of these two. The first can be divided into the chemically/BP 

mediated mevalonate pathway and the biologically mediated OPG, RANK, 

RANKL pathway. 

While the potential for BPs to reduce periprosthetic bone loss in THA is 

well described there is little knowledge of how denosumab affects 

periprosthetic bone in uncemented THA. 
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Figure 1. The interaction between RANK and RANKL in osteoclast maturation and 
action (A). The role of OPG in inhibition of RANK/RANKL (B). From Delmas 
PD. J Clin Dens, 2008;11(2):325-338) with permission.  

Evaluation of Implant Stability 

Radiostereometric analysis (RSA) has proven very useful in evaluating the 

stability of orthopedic implants. RSA allows detection of early implant motion 

with a precision of between 0.15 and 0.6 mm in translation and between 0.3 

and 2º in rotation when a 99% CI is applied (76). Early micromotion predicts 

the risk of implant loosening and failure. Thus, inferior implants can be ruled 

out before a wide introduction is considered (77,78).  

The obvious limitation of RSA is the marker implantation, making it 

invasive, and the need for dedicated radiologic equipment such as calibration 

cages. Therefore, an alternative technique for evaluating implant stability by 

computed tomography (CT) has been introduced. Initial studies have shown 

promising results with precision comparable to that of RSA. The method can 

be used either with or without tantalum markers (79,80). Initially, concerns 

about irradiation dose were raised but recently developed CT protocols have 
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reduced irradiation dose to levels below 1mSievert (mSv) (81), whereas RSA 

delivers an effective dose of about 0.15mSv (82). Commercial image 

registration software has recently been developed (CTMA, Sectra, Linköping) 

to make the technique available in clinical settings. It is unclear whether the 

precision of this method, without markers, is high enough to allow for it to 

replace RSA as a method to assess early implant migration and even be used 

in routine clinical work to assess cases of suspected implant loosening.   

Positron Emission Tomography and Implants 

Positron emission tomography (PET) is a technique used in nuclear medicine. 

A radioactive compound, sometimes attached to a carrier molecule, is injected 

into the blood circulation and the emitted radiation of the region or organ of 

interest is registered by a 360º scanner. Because of the low resolution of PET 

images, the anatomy can be difficult to determine. Therefore, modern PET 

machines are often equipped with an integrated CT. In PET investigation of 

bone, [18F] is often used as a tracer. [18F] is taken up by the bone-forming 

osteoblasts and incorporated in the mineral of the bone being formed. This 

character of [18F] makes [18F]-fluoride PET/CT (F-PET) a useful technique 

when studying conditions where bone turnover is affected (83). In addition, 

F-PET is used to monitor the effect of bone-active agents (84). In the past 

decade, the knowledge of F-PET on orthopedic implants has increasingly 

grown and it is now used for detecting implant loosening and periprosthetic 

infection (85–87). The periprosthetic activity on F-PET is increased as a sign 

of increased bone formation and it remains elevated up to 2 years after surgery 

(88). Despite the growing interest in periprosthetic F-PET there is no widely 

accepted method to analyze and report the results. Furthermore, the precision 

of periprosthetic F-PET imaging is unknown. 
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Aims 

The general aim of this thesis was to study the CFP stem with regards to 

fixation, periprosthetic bone biology and clinical results. An additional aim 

was to evaluate the methods used for this purpose. 

 
The specific aims of this thesis were fourfold: 

▪ To investigate whether denosumab can prevent periprosthetic bone 

loss around an uncemented hip stem (Study I) 

▪ To determine the precision of CT-based implant motion analysis 

(CTMA) (Study II) 

▪ To investigate the long-term changes in periprosthetic BMD and 

stability of the CFP stem (Study III) 

▪ To determine the inter- and intraobserver reliability, agreement and 

precision of F-PET on periprosthetic bone (Study IV) 
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Patients, Materials and Methods 

This thesis is composed of three types of study: one randomized, placebo-

controlled clinical trial (RCT) (study I), one prospective cohort study (study 

III), and two methodological studies (studies II and IV).  

Ethics 

Studies were conducted according to good clinical practice and in compliance 

with the Helsinki declaration. Ethical approval was obtained for studies I–IV 

from the Regional Ethical Review Board in Uppsala, Sweden: Dnr 2011/297/2 

(study I), 2015/228 (study II), 2007/105/2 (study III), and 2011/297/3 (study 

IV). For study II, additional approval was obtained from the Regional Ethical 

Review Board in Stockholm (Dnr 2011/2003). Study I was registered at 

ClinicalTrials.gov (2011-001481-18, NCT01630941)  

Study Population 

Studies I and IV 

All patients between 35 and 65 years of age, living in Uppsala County and 

referred to the Department of Orthopedics at Uppsala University Hospital for 

hip pain were assessed for eligibility. Apart from age and residency, the 

inclusion criterion was unilateral OAH (Kellgren-Lawrence [KL] 3-4). 

Exclusion criteria were body weight over 110kg or BMI over 35kg/m2, 

treatment with corticosteroids or other drugs affecting bone turnover, 

malignancy, American Society of Anesthesiologists score of >3, substance 

abuse, pregnancy, previous exposure to high doses of irradiation or otherwise 

unsuitable as determined by the investigators. 

Sixty-four patients (39 women) were equally randomized to either 

denosumab or placebo. In half of the study cohort (group A), periprosthetic F-

PET was performed while the other half (group B) did not undergo F-PET. 

For technical reasons perioperatively, one patient in the F-PET subgroup 

received a different stem and was not followed with F-PET or DXA of the 

stem implant, leaving 31 patients in group A and 32 in group B. Two patients 

in group A were revised for aseptic loosening and one patient in group B left 
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the study after being diagnosed with rectal cancer, leaving 61 patients for 

evaluation of primary outcome at 12 months and 60 patients for evaluation at 

24 months.  

For study IV, all F-PET investigations (group A, n=31)) of the femoral hip 

implant from the follow-up at 3 months were included in the study (Fig 2). 
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Assessed for eligibility

(35-65years, Uppsala 
County, hip pain) 

n=461

Eligible for inclusion.

n=68

F-PET subgroup.  
Inclusion, preoperative 

preparation.

Visit 1

n=35

Missed 
exclusion 

criteria, not 
suitable for 

PET 

n=2

Perioperative 
cardiac arrest 

n=1

Randomized 
to 

denosumab

Visit 2

n=16

Available 
at 3 months 

Visit 3 

n =16

Available 
at 6 months

Visit 4

n=16

Available 
at 12 

months

Visit 5

n=16

Available 
at 24 

months 

Visit 6 

n=15***

Randomized 
to placebo 

Visit 2

n=15*

Available 
at 3 months 

Visit 3

n=15

Available 
at 6 months 

Visit 4

n=15

Available 
at 12 

months 

Visit 5 

n=14**

Available 
at 24 

months 

Visit 6

n=14

Inclusion, 
preoperative 
preparation.

Visit 1

n=33

Randomized 
to placebo 

Visit 2

n=16

Available 
at 3 months

Visit 3

n=16

Excluded 
because of 
malignanc

y  

n=1

Available 
at 6 months 

Visit 4 

n=15

Available 
at 12 

months 

Visit 5 

n=15

Available 
at 24 

months 

Visit 6

n=15

Missed 
exclusion 

criteria 

n=1

Randomized 
to 

denosumab 

Visit 2

n=16

Available 
at 3 months 

Visit 3

n=16

Available 
at 6 months 

Visit 4

n=16

Available 
at 12 

months 

Visit 5

n=16

Available 
at 24 

months 

Visit 6

n=16

Ineligible (did not meet 
inclusion/exclusion 

criteria)

n =393

*For technical reasons, one patient in the placebo group did not receive the designated stem.

** One patient in the placebo group was revised because of aseptic loosening of the stem. 

*** One patient in the denosumab group was revised because of aseptic loosening of the stem. 

Figure 2. CONSORT flowchart of study I. Patients in the red boxes were included 
in study IV.  
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Studies II and III 

Study III is a prospective, long-term follow-up of a cohort from a previous 

study of the CFP-stem (35). Three patients were excluded during the original 

study (from a cohort of 30 patients, 18 women), leaving 27 patients for the 24-

month follow-up. All patients from the 24-month follow-up were eligible for 

inclusion in study III. Exclusion criteria were having moved from Uppsala 

County, ipsilateral stem revision surgery, deceased, lost to follow-up or 

otherwise unable to participate.  

Six patients of the original 27, were not available for the present study 

leaving 21 patients for inclusion (Fig 3).  

Five randomly selected patients from the cohort in study III were included 

in study II. In addition, nine randomly selected patients from an ongoing study 

at Danderyds Hospital and 10 randomly selected patients from an ongoing 

study at Gävle Hospital were included. Thus, a total of 24 patients were 

included.  

* 26 patients available for RSA

**17 patients available for RSA 

Figure 3. CONSORT flowchart for study III. 



 

 23 

 Materials 

Investigated Implants 

 The Collum Femoris Preserving Stem 

Studies I and III investigated the CFP stem (Waldemar Link GmbH & Co 

Hamburg, Germany) (Fig 4). The CFP stem, introduced by Pipino in 1987 

(34), combines a subcapital osteotomy with a design intended to ensure 

proximal fixation and load transfer. It is composed of a titanium alloy with an 

osteoconductive, calcium phosphate coating of the proximal two thirds (Fig 

1). The stem is available in two caput-collum-diaphysis angles (117º and 126º) 

to optimize the fit to the anatomy of the individual patient. The rationale 

underlying the design is to minimize stress shielding and thus mitigate 

proximal periprosthetic bone loss (34).  

 

 

Figure 4. The CFP stem is available in 
two curvatures to accommodate 
individual patient anatomy. From 
Lazarinis et al, Acta Orthop 2013; 84(1): 
32–39. 

 

In study II, we included three sub-cohorts with three implants.  

The Trabeculae Oriented Pattern (TOP) Cup 

The TOP cup (Waldemar Link GmbH & Co Hamburg, Germany) is an 

uncemented, HA-coated press-fit cup of a titanium alloy (Fig 5). To enhance 

primary fixation, it is equipped with three rows of flanges around the equator 
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and the option to place three screws into the acetabular bone. The cup is fitted 

with a liner of polyethylene (UHMWPE) (Fig 2). 

 

 

Figure 5. The Trabeculae Oriented Pattern (TOP) cup. 

The Müller Exceed ABT cup 

The Müller Exceed ABT cemented cup (Biomet, Warsaw, IN, USA) is 

available in two polyethylene (PE) variants: antioxidant or argon treatment. 

There are three design options: flanged, non-flanged and Müller. The Müller 

variant with either antioxidant or argon treatment was used in this study.  

The Lubinus cup 

The Lubinus cross-linked UHMWPE (Waldemar Link GmbH & Co 

Hamburg, Germany) is a cemented cup from cross-linked PE (Fig 6). It has 

spacers to ensure a uniform cement mantle and tracks in a grid pattern to 

enhance the cement contact area. Because it was used in a revision situation 

with acetabular impaction of morselized bone graft, it was cemented in a 

titanium fenestrated shell for bone impaction.  
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Figure 6. Cemented Lubinus cup. 

Methods 

Surgical technique 

In studies I and III, surgery was performed by 1 of 2 surgeons (NPH or JM) 

through a trans gluteal, anterolateral approach with detachment of the anterior 

third of the gluteus medius muscle as described by Gammer (89). As judged 

on preoperative templating, a CFP stem of the appropriate curvature, was 

press-fitted into the femoral canal after resectioning the caput femoris but 

preserving the collum femoris. A 28 mm CoCrMo head was fitted on the stem. 

Postoperatively, patients were mobilized with crutches allowing immediate 

weight-bearing as tolerated.  

Randomization, Masking and Drug Administration  

In study I, patients were randomized to one subcutaneous injection of 1 ml 

(60mg) of denosumab or 1 ml of saline. Patients were randomized in permuted 

blocks of 4 using the PROC PLAN procedure I SAS (version 9.4, SAS 

Institute, Cary, NC, USA) The investigators and patients were blinded to 

treatment allocation. Two independent, unblinded research nurses gave 

injections 1-3 days and 6 months after surgery. 

Dual-Energy X-ray Absorptiometry 

BMD is measured by dual-energy x-ray absorptiometry (DXA). The 

technique was developed in the 1980s as a development of the single and dual 

photon absorptiometry, rendering much shorter scanning times, which 
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lowered image distortion caused by patient movements during scanning. The 

DXA machine emits gamma radiation of two energy levels. The radiation 

passing through the body is registered, and the difference in attenuation 

between bone and soft tissue is used to calculate BMD. Originally, DXA was 

used to diagnose osteoporosis but since the 1990s, it has been a valuable tool 

when investigating BMD changes in periprosthetic bone (90). 

To ensure the accuracy of the DXA machine, regular scanning of a phantom 

was performed as advised by the manufacturer. Because the technique relates 

the absorbed energy to the bone surface area, not the volume, the patient must 

be positioned correctly at each scanning. When scanning of the implant hip 

was performed, we strapped the foot to a support ensuring neutral rotation of 

the hip joint. In study I, DXA of the affected hip, the contralateral hip and 

lumbar spine was performed preoperatively, at 6, 12, and 24 months 

postoperatively using a Prodigy Advance system (GE-Lunar, Madison, WI, 

USA). In addition, duplicate DXA orthopedic hip implant scans of the affected 

hip were performed at 1–3 days and 3, 6, 12, and 24 months postoperatively. 

In study III, orthopedic hip implant scanning was performed on the same DXA 

machine. 

When analyzing the scans of the hip implant, the software automatically 

detects the implant and its boundaries and excludes it from the analysis. The 

7 zones of Gruen were positioned using the implant as reference (91) (Fig 7). 
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Figure 7. The 7 Gruen zones in the analysis of 
periprosthetic BMD. 

Radiostereometric Analysis 

RSA is the gold standard method for evaluating stability and detecting 

micromotion of orthopedic implants. It was initially described by Selvik et al. 

and has been an important tool in orthopedic research since the 1980s (92,93). 

By perioperative marking of skeletal structures and orthopedic implants with 

tantalum beads two “rigid bodies” are formed. Two simultaneous plain 

radiographs are obtained at an angle and all beads in one radiograph are paired 

with the corresponding ones in the other radiograph (Fig 9). Thus, the mutual 

position of the two rigid bodies can be determined with a precision of 0.15–

0.6 mm (translation) and 0.3–2 (rotation) when a 99% CI is applied (76). At 

least three stable tantalum beads are needed to form a rigid body but the higher 

the number of beads and the farther apart the beads are from each other, the 

higher the precision. Motion is expressed as rotation around- and translation 

along three axes (Fig 8). 
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Figure 8. Rotation around- and translation along three axes in radiostereometric 
analysis. Courtesy of Stergios Lazarinis. 

 

 

Figure 9. Radiostereometric images 
in two projections. 

 

In study III we performed biplanar RSA with one fixed and one mobile x-ray 

tube. Micromotions relative to the three axes were calculated using UmRSA 

software (RSA Biomedical, Umeå, Sweden) by SL. 
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CT-Based Implant Motion Analysis 

In study II, we evaluated the precision of CTMA on three acetabular cups. The 

technique for assessing micromotion by low-dose CT is based on 3D 

segmentation of CT images (94–97). Much work in refining and development 

of the method for orthopedic applications has been done by Scheerlink, 

Goldvasser and Olivecrona et al (80,98–101). By defining two rigid bodies 

(e.g., the implant and the bone it is attached to) with guidance of anatomical 

structures, the software calculates alterations in their individual positions. 

Alternatively, implanted tantalum beads can be used to define rigid bodies. 

The manual steps include optimization of thresholds, the definition of 

anatomic landmarks of the bone and the definition of the implant (Fig 10).  

 

 

Figure 10. The four steps of CT-based implant motion analysis. From Brodén et al 
Acta Orthop 2020; 91(3): 260-265). 

[18F]-Fluoride Positron Emission Tomography / Computed 

Tomography 

F-PET enables 3-D-studies of uptake of [18F] in tissue. The radioactive tracer 

[18F] is injected intravenously and emitted radiation from the decay of the 

tracer is recorded in a scanner. The activity level seen in tissue is directly 

related to the amount of tracer uptake of the tissue in question. The technique 

is complicated as it requires a cyclotron and the logistics and knowledge to 

produce and deliver the [18F] isotope. Because of its short half-life (110 

minutes) outsourcing this step is not possible. The whole F-PET procedure 

takes about 2 hours for each patient.  

There are diverse ways to perform quantitative F-PET imaging. The 

Hawkins method is dynamic and requires data on arterial input function, 

obtained by an arterial blood line. A bolus injection of [18F] is given and a 60-

minute PET-scan is commenced simultaneously. The method measures 

clearance rather than uptake and it is only possible to scan one region of the 

body with every tracer injection (83).  

A more straightforward way to obtain quantitative PET studies is to use 

standardized uptake values (SUVs). The method relates the measured activity 

in a volume of interest (VOI) with the expected activity, given that the isotope 

was equally distributed in the tissue of the subject (102).  
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An intravenous injection of the isotope is given. The isotope is then allowed 

to circulate for 60 minutes before image acquisition. An immediate CT scan 

follows PET image acquisition for anatomic localization and attenuation 

correction (103). The effective dose ranges from 2.7–15.0 mSv (104). An 

advantage of this method is that multiple regions can be investigated after one 

tracer injection.  

There are many ways to analyze PET images. The observer divides the 

organ or tissue in question into VOIs and the software automatically calculates 

the mean or max SUVs of each VOI. VOIs can be drawn manually, using the 

CT image for anatomical guidance or they can be created semi-automatically 

by the software. In cardiac PET the polar map method is mostly used (105). 

The method divides the examined organ into sectors of a tube after the 

observer has marked the organ boundaries. In Uppsala, a modification of the 

polar map software called quantification of hip prosthesis (QHPR), has been 

developed (106). QHPR is designed for F-PET on orthopedic hip implants and 

was developed by hospital physicist Enn Maripuu.  

Figure 11. The proximal femur is "flattened" out to form a disc where sectors 

1-7 correspond to Gruen zones 1-7. Additionally, there are six more sectors 

anterior and posterior to the implant. These sectors form the volumes of 

interest. (Ullmark et al Acta Orthop 2013; 84(2): 138–144). 

In study I, we performed F-PET scanning for half of the cohort (n=31) 

preoperatively and postoperatively at 3 and 6 months using the SUV method. 

Scanning was performed in an ECAT Exact HR+ (Siemens, Knoxville, TE, 

USA) scanner 1 hour after injecting 2 MBq/kg body weight of [18F] sodium 

fluoride. Immediately after the PET scan, a CT scan of the same area was 

performed. We then used the QHPR software to divide the periprosthetic bone 

of the proximal femur into 13 VOIs of which VOIs 1-7 closely resemble the 

7 Gruen zones (91) (Fig 11–14). The software calculated the SUVmean for each 

VOI by the formula: 

SUV = activity (Bq/ml) x body weight (g) / injected dose (Bq) 
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This formula gives a unitless measure of tissue activity in relation to the 

expected activity of tissue if the tracer would be evenly distributed in the 

whole body (Fig 14). In study IV, we also created three new VOIs by merging 

VOIs 1–7, 8–13, and 1–13. In study IV, two observers performed repeated 

analyses of all (n=31) F-PET images of the hip with an implant, acquired at 

the 3-month follow-up.   

 

 

Figure 12. The proximal femur is 
divided into four slices. 

 

  

 

Figure 13. In the transverse images, the periprosthetic bone is outlined. The figures 
represent the distance from the center of the ellipse. 
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Figure 14. The mean standardized uptake value of each 
volume of interest is presented. The circle in the middle 
corresponds to Gruen zone 4. 

Biochemical Bone Turnover Markers 

One way to monitor the ongoing bone turnover (the sum of bone formation 

and bone resorption) is to perform serum analyses of the degradation products 

from the various enzymatic processes. 

When the osteoblasts form type I collagen, the whole molecule with 

propeptides in both ends is excreted. The propeptides are then cleaved from 

the collagen molecule in the extracellular space. By measuring serum levels 

of N-terminal propeptide of collagen I (P1NP), a measure of bone formation 

is obtained. On the other hand, when type I collagen is degraded by osteoclasts 

the N-terminal telopeptide (CTX) is expelled into the blood circulation. 

Because the level of CTX is only affected by osteoclastic bone resorption and 

not by other pathways for resorption (e.g., in catabolic situations) it is very 

specific and can be used as a marker for bone resorption (107) 

In study I, fasting blood samples were drawn before surgery, 1–3 days after 

surgery, and 3, 6, 12, and 24 months after surgery. Serum was prepared and 

stored in a –70°C freezer. When all samples were collected, they were sent to 

the lab for analysis of CTX (β-Crosslaps, Cobas, Roche, IN, USA) and P1NP 

(Total P1NP, Cobas, Roche). The coefficients of variation (CV) at our 

laboratory, certified in accordance with international standard (ISO 

15189:201, were 3% for P1NP and 6% for CTX. 
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Conventional Radiography 

Standard lateral and anteroposterior hip radiographs and a pelvic frontal view 

were obtained preoperatively for study I and at the 8-year follow-up in study 

III. Preoperative grading of OAH was performed using the KL score (108) in 

study I. In study III, images were analyzed for pedestal formation and 

radiolucent lines. 

Clinical Outcome Measures 

We used the Harris hip score (HHS) (109) to evaluate function and patient 

satisfaction in studies I and III. This clinician-based outcome measure was 

initially developed to assess function after hip dislocation and acetabular 

fracture treatment but has become one of the most widely used instruments in 

clinical research on THA. The validity and reliability of the HHS are high 

(110). We also used the EuroQol visual analogue scale (EQ-VAS) in study I. 

It is a simple test to measure patients’ over all wellbeing. The scale ranges 

from 0–100 with higher values indicating better quality of life. 
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Results 

Study I 

Analysis of Periprosthetic Bone Mineral Density 

At 12 months post-surgery, periprosthetic BMD in the denosumab group 

remained almost unchanged compared to baseline. BMD in Gruen zone 7 was 

32% (95% confidence interval [CI] 22–44) higher and the sum of BMDs in 

Gruen zones 1–7 was 11% (95% CI 8–15) higher compared to the placebo 

group 12 months after surgery. 

At 24 months after surgery, the between-group difference, though still 

present, had decreased. BMD in Gruen zone 7 was 15% (95% CI 4–27) higher 

in the denosumab group than in the placebo group and 4% (95% CI 0–8) 

higher in the sum of Gruen zones 1–7 (Fig 15, 16). 

 

Figure 15. BMD in Gruen zone 7. Y-axis is truncated for better visualization. For visits 
before randomization, descriptive geometric means with confidence intervals are given. 
For visits after randomization, model-based geometric means with confidence intervals 
are given. The drug was administered at 1–3 days postoperatively.     
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Figure 16. The sum of BMDs in Gruen zone 1-7. Y-axis is truncated for better 
visualization. For visits before randomization, descriptive geometric means with 
confidence intervals are given. For visits after randomization, model-based 
geometric means with confidence intervals are given. The drug was administered 
at 1–3 days postoperatively.   

Analysis of Periprosthetic Standardized Uptake Values  

In both the denosumab and the placebo group SUV was higher at 3 and 6 

months after surgery compared to baseline. At 3 months, periprosthetic SUV 

for Gruen zone 7 in the denosumab group was 32% (95% CI 1–53) lower, and 

the sum of SUVs in Gruen zones 1–7 was 37% (95% CI 18–51) lower than in 

the placebo group. By 6 months there was no difference between groups (Fig 

17). 
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Figure 17. The sum of SUVs in Gruen zone 1-7. Y-axis is truncated for better 
visualization. For visits before randomization, descriptive geometric means with 
confidence intervals are given. For visits after randomization, model-based 
geometric means with confidence intervals are given. The drug was administered 
at 1–3 days postoperatively.     

Biochemical Markers of Bone Turnover 

Three months after surgery, CTX was 83% (95% CI 80–85) lower in the 

denosumab group and remained suppressed at 6 and 12 months compared to 

the placebo group. Between 12 and 24 months after surgery CTX increased 

and was higher in the denosumab group at 24 months. P1NP serum levels 

followed the same pattern with initial decrease followed by an increase 

between 12 and 24 months in the denosumab group (Fig 18).  
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Figure 18. Serum CTX. The drug was administered at 1–3 days postoperatively. 

Patient-Reported Outcome Measures and Adverse Events 

There was no difference between groups in EQ-VAS at any time point. HHS 

was slightly lower in the denosumab group 12 months after surgery (93.5 vs. 

100 in the placebo group (p=0.014)). After 24 months, there was no difference 

between groups. 

The number of adverse and serious adverse events during the study was 

lower in the denosumab group. None of the events were considered likely to 

be related to denosumab. Two patients, one in each group, were revised 

because of aseptic stem loosening during the study period. 

Study II 

Precision of CT-Based Implant Motion Analysis 

Using the surface anatomy of the pelvis, the precision ranged from 0.07–0.31 

mm in translation and 0.20–0.39° for rotation (Table 1). For the CTMA 

analysis using tantalum beads, precision ranged from 0.08–0.20 mm in 

translation and 0.20–0.43° in rotation (Table 2).  

The effective dose of CT scans differed between the clinical trials: the mean 

effective dose was 0.7 mSv for Uppsala, 0.2 mSv for Danderyd’s Hospital, 

and 2.3 mSv for Gävle Hospital.  
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Table 1. Precision of CT-based implant motion analysis without tantalum beads. 

  Translation, mm Rotation, º 

Hospital n x y z TT x y z 

Uppsala University Hospital 5 0.07 0.13 0.31 0.20 0.37 0.22 0.39 

Danderyd’s Hospital 9 0.23 0.11 0.08 0.16 0.31 0.28 0.29 

Gävle Hospital 10 0.12 0.31 0.15 0.22 0.28 0.20 0.23 

TT: Total translation         

 

Table 2. Precision of CT-based implant motion analysis using tantalum beads. 

  Translation, mm Rotation, º 

Hospital n x y z TT x y z 

Uppsala University Hospital 5 0.11 0.09 0.08 0.03 0.43 0.23 0.22 

Danderyd’s Hospital 9 0.08 0.13 0.13 0.13 0.25 0.21 0.29 

Gävle Hospital 10 0.10 0.20 0.14 0.12 0.20 0.22 0.26 

TT: Total translation         

Study III 

Analysis of Periprosthetic Bone Mineral Density 

In Gruen zones 1−5, there was no statistically significant difference in BMD 

between 2 and 8 years. The reduction from baseline in BMD was 30% (CI 

20−39) in Gruen zone 6, 39% (CI 27−52) in Gruen zone 7 and 19% (CI 11–

26) in Gruen zone 2. The reduction in BMD between 2 and 8 years was 14% 

(CI 7−21) in Gruen zone 6 and 17% (CI 0.6−34) in Gruen zone 7 (Figure 19). 
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Figure 19. Changes in periprosthetic bone mineral density from baseline (n=21). P-
values represent a significant change from baseline (below bars) and significance in 
change between 2 and 8 years (above bars). Error bars represent 95% confidence 
intervals. (Nyström A. Acta Ortop, 93:206-211)Analysis of Implant Stability with 
Radiostereometric Analysis 

 

Between 2 and 8 years, RSA (n=17) showed a mean subsidence of 0.02mm 

(CI -0.04−0.08) and a mean rotation around the stem axis of 0.08 (CI -

0.40−0.56). From baseline, mean subsidence was 0.07mm (CI -0.16−0.03) and 

mean rotation around the stem axis was 0.23 (CI -0.23−0.68) at 8 years (Fig 

20).  
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Figure 20. Subsidence pattern of all stems up to 8 years measured as translation along 
the Y-axis in mm at the different time points (n=17). 

Study IV 

The interobserver reliability (intraclass correlation coefficient [ICC]) ranged 

from 0.90 (CI 0.80–0.95) to 0.99 (CI 0.97–0.99). The intraobserver reliability 

(ICC) for observer 1 ranged from 0.96 (CI 0.92–0.98) to 0.99 (CI 0.99–1.00). 

The ICC for observer 2 ranged from 0.85 (CI 0.38–0.95) to 0.99 (CI 0.97–

0.99). The intraobserver agreement was slightly better than the interobserver 

agreement. There were statistically significant differences between observers 

for VOIs 1–13 and the total VOI. For observer 2, there was a statistically 

significant difference for VOIs 1–13. However, these differences were small, 

ranging from 0.06 (CI 0.004–0.11) to -0.13 (CI -0.21 to -0.04) with narrow 

95% limits of agreement. No proportional bias could be seen in the Bland-

Altman plots as the difference between measurements did not correlate with 

the mean SUVs (Fig 21 A–C). The interobserver CV% ranged from 7.5–

22.2%. The CV% for observer I ranged from 5.6–14.1% and for observer 2 

from 7.2–25.2%. 
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A) 

 
B) 
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C) 

Figure 21 a–c. Bland-Altman plot for observer 1 (A), observer 2 (B) and observer 
1 vs 2 (C) for all volumes of interest separately. The Y-axes represent the difference 
in standardized uptake value (SUV) between observers and the X-axes represent 
the mean SUV of double measurements. The red lines represent the mean 
difference with a 95% confidence interval. The green lines represent the 95% limit 
of agreement interval. 
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Discussion 

This thesis shows that denosumab reduces early periprosthetic bone 

remodeling with a greater reduction i bone resorption, leading to the 

preservation of periprosthetic BMD. However, there is a rebound effect with 

increased bone resorption at the discontinuation of denosumab. Furthermore, 

the thesis studies also demonstrate that CTMA has a precision close to RSA 

making it a viable alternative to RSA when investigating implant stability. Our 

results also show continuous proximal bone loss but good implant stability for 

the CFP stem. Lastly, this thesis shows excellent reliability and high 

agreement of periprosthetic SUV by F-PET when analyzed with the QHPR 

software. 

Study I 

The main finding of this study was that denosumab prevents postoperative 

bone loss around the stem 1 year after uncemented THA, as evidenced by 

reduced periprosthetic bone metabolism and reduced biochemical markers of 

bone resorption in serum. The effect diminished on the cessation of 

denosumab with an observed rebound effect on BTMs and a rapid decrease in 

BMD the first year after cessation.  

Strengths of this study include the RCT design, the double-blind procedure 

(i.e., blinding of all investigators and patients), careful selection of patients 

with unilateral OAH according to strict inclusion and exclusion criteria, and 

meticulous follow-up according to case report forms with a minimal number 

of patients lost to follow-up. This approach ensures high internal validity. It is 

the only RCT on denosumab and THA that, apart from DXA, includes F-PET 

and BTM. The combination of these modalities allows for the investigation of 

not only the outcome in terms of BMD but also the biological events of the 

bone during the process. In addition, the study was conducted without support 

from, or influence by, the pharmaceutical industry.  

BPs reduce proximal periprosthetic bone loss after uncemented THA, but 

the effect is transient and is lost within a few years after discontinuation 

(111,112,36,113,69,68). In TKA and hip cups, BPs orally or locally reduce 

early micromotion (71,70,72), a phenomenon linked to increased risk of 

revision (114,77,115).   



 

 44 

Denosumab reduces early implant migration in cemented TKA (116). 

However, no effect on stem subsidence was recorded in a study by Aro et al 

on uncemented THA and denosumab in older women (117). As in our study, 

the authors found a reduction in BMD-loss around the stem in the denosumab 

group. This finding is somewhat unexpected in that low BMD preoperatively 

is associated with greater stem subsidence in uncemented THA (118). We 

investigated the effect of denosumab on a cohort of younger male and female 

adult patients. The rationale is that they are more likely to receive uncemented 

implants and should live with their implants for several decades. Thus, a 

potential decrease in the risk of revision because of periprosthetic BMD-loss 

will most benefit this group of patients. In the study by Aro et al older women 

with osteopenia were included. Because this group of patients has less 

favorable results after uncemented THA than cemented THA, the proportion 

of this age group receiving uncemented THA is very low in Sweden (9). The 

BMD-sparing effect of denosumab in uncemented femoral stems has also been 

reported in a non-randomized, prospective study (119).  

Our study found a substantial rebound effect with a sharp increase in BTMs 

accompanied by a reduction in periprosthetic BMD 2 years after surgery, 

when the treatment effect of denosumab could be expected to diminish or 

disappear entirely.  

This phenomenon upon cessation of denosumab was not well described in 

literature when planning the present study. It has since been reported in 

numerous studies and implies a potential risk for unfavorable biomechanical 

properties. This rebound effect could be the reason for the reported increase 

in the risk of spontaneous vertebral fractures after the discontinuation of 

denosumab (120–124). 

Regrettably, none of the above studies on implants and denosumab had a 

long enough follow-up time to observe this effect.   

The F-PET findings in our study imply that SUV in this setting constitutes 

the rate bone formation. Levels of P1NP declined following the decrease of 

CTX, indicating a reduction in bone turnover in total. However, a shift to bone 

formation occurred because BMD was preserved in the denosumab group. 

Moreover, at the time of the most marked suppression of BTMs (3 months), 

the decrease in SUV in the denosumab group was most pronounced compared 

to the placebo group. The decrease in P1NP is likely caused by a coupling 

mechanism between resorption and formation. This coupling mechanism is 

explained by RANK/RANKL complex’s effect on osteoblasts (19). One 

author has expressed concerns regarding the interpretation of F-PET of bone, 

advocating that increased SUV could be the effect of a direct diffusion and 

binding of [18F] sodium fluoride to hydroxyapatite without the action of 

osteoblasts (125). Studies on necrotic bone following resurfacing hip 

arthroplasty, however, have shown reduced uptake in F-PET corresponding to 

areas of necrotic bone (126–128), and studies on calcification and the uptake 
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of bone-seeking tracers lend support to the view that SUV in F-PET reflects 

active bone formation (129,130). 

Our findings suggest that denosumab could be used to preserve 

periprosthetic BMD in uncemented THA. Still, prolonged or additional 

treatment would be needed to achieve a lasting effect.  

More studies on the long-term effects of periprosthetic BMD-loss are 

warranted to establish to what extent this is a real, clinical problem. Future 

research also needs to identify patients at risk and the number of patients 

needed to treat before initiating prophylactic treatment with anti-resorptive 

drugs.    

Study II 

This study shows that the precision of CTMA is comparable to that of RSA, 

even with various implants and different low-dose CT-protocols.   

Strengths of study II include the multicenter design with various implants 

and CT-protocols rendering high external validity. The relatively low 

radiation dose in the protocols means that the results are transferable to clinical 

practice. 

Other studies have investigated the accuracy (i.e., the closeness of a measured 

value to the true value) of 3D CT segmentation techniques. In one study 

accuracy was defined using the RSA-measurement as the true migration value 

(79). This argument can be challenged, however, as the accuracy of RSA 

varies from 0.15–0.6 mm in translation and 0.3–2 in rotation and will not 

represent the true value (76). In a study by Scheerlink et al, the accuracy and 

precision of CT-based RSA on a femoral implant were studied (80). Although 

not directly comparable due to differences in statistical methods, their results 

imply a similar precision to our study. However, in the study by Scheerlink et 

al, doses of 3.1-8.2 mSv were reported, suggesting the unsuitability of the 

technique in clinical practice. RSA is said to deliver a dose of approximately 

0.15 mSv, but the dose could be higher in clinical practice, where double 

measurements are standard (131).    

In a cadaveric study with a low-dose (0.70 mSv) CT-protocol of hip 

implants precision and accuracy were equal to RSA, and intra- and 

interobserver reliabilities were good (132). However, tantalum markers were 

used to define the reference rigid body in that study. 

Study II shows that CTMA is a precise tool for measuring implant stability 

in different settings, without the need for tantalum markers. 

Before introducing CTMA in clinical practice, further research is needed 

to determine the agreement between different observers and different time 

points. Also, the precision of the method in other joints needs to be assessed. 
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Study III 

The main finding in study III was that the BMD-loss observed the first year 

after surgery with the CFP-stem did not restitute in the long term. Additional 

bone loss was observed over time but the stem remained stable. 

Short and ultrashort uncemented stems show varying early migration 

patterns but stabilize after initial migration (35,133–136). The reason for 

introducing these stems is that proximal loading would spare periprosthetic 

bone and simplify revision surgery. Still, stem design seems to affect BMD-

changes. Some stem types (such as the Proxima (J&J, DePuy)) show less 

BMD-loss than conventional uncemented stems (137) whereas others, like the 

CFP stem, show considerable proximal bone loss (35). Long-term clinical 

results of prospective studies on short stems are rare, but some studies, 

including meta-analysis, have reported results in line with conventional 

uncemented stems (138,139). In the Australian national register annual report 

of 2019, a 6.5% 15-year cumulative revision rate of short stems was reported, 

which is in accordance with conventional uncemented stems in the Australian 

register (140). However, in the Swedish national register the risk of revision 

due to non-infectious causes was three times greater for the CFP stem 

compared with a control group of conventional uncemented stems (141). After 

the 2015 annual report from the Swedish register the number of inserted CFP 

stems fell rapidly, and the stem has disappeared from the register.  

In our study, the CFP-stems yielded good clinical results with stable 

implants in the long run. However, there is no sign of recovery of 

periprosthetic BMD in our cohort but rather a plateau with a tendency to 

continuous, slow BMD-loss. Therefore, using the CFP-stem to preserve 

proximal bone stock is not meaningful.  

Study IV 

Study IV shows that quantitative periprosthetic F-PET can be analyzed with 

high reliability and agreement and moderate precision with the QHPR 

software. The role of periprosthetic F-PET is becoming more evident as its 

value in diagnosing suspected septic or aseptic implant loosening has been 

confirmed in several studies (85–87). The analysis of F-PET can be 

qualitative, judging the visual pattern of uptake, or quantitative, reporting 

SUVmax or SUVmean of a region or VOI. To ascertain the reliability and 

agreement of the method and establish thresholds for diagnosis, it is desirable 

to establish a generally accepted standard approach to analyzing periprosthetic 

F-PET with quantitative results. Son et al have done important work to 

describe normal F-PET patterns at different time points after THA (88). 

However, different implant design and fixation principles will likely lead to 

different patterns on F-PET. Also, reference material would require 
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standardization when analyzing and reporting F-PET to be widely applicable. 

We consider the precision of F-PET in our study to be no better than moderate. 

However, the precision reported on myocardial blood flow with PET and 

lumbar F-PET agrees with our results (142–144). 

Study IV shows that periprosthetic F-PET is a reliable method with high 

agreement and moderate precision when analyzed with QHPR. When 

periprosthetic bone turnover is the target of interest, it can be used equally 

well in clinical practice and research  

Accuracy, Precision, Reliability and Agreement 

Before any method designed to provide measurements of some kind is 

introduced, we first need to learn about the inherent errors of the method. 

Errors of a method can be of several types. If the measured value is far from 

the true value, the method has low accuracy. If repeated measures of the same 

object, under unchanged conditions, lead to very divergent results, the method 

has low precision (145). To establish the accuracy of a method, the true value 

must be known. On the other hand, the precision can be obtained using double 

measurements under unchanged conditions. Based on the standard deviation 

of double measurements, a 95% CI for random error can be calculated (146).  

In study II we used this method to determine the precision of CTMA. In 

laboratory methods and DXA, precision is often expressed as the CV%. The 

CV% is the standard deviation of differences between double measurements 

divided by the mean and multiplied by 100 (147). In study IV, we determined 

the CV% for periprosthetic F-PET because it gave us the possibility to 

compare the results to the precision of DXA. 

Reliability (repeatability) and agreement refer to how measurements 

correlate by different observers or methods, or by the same observer with 

repeated measures. When investigating reliability, ICC is used for continuous 

variables (148). This method determines to what degree the observed variation 

in a set of measurements is explained by the measurement error. However, it 

does not tell us how well each double measurement agrees with the other. The 

Bland-Altman analysis measures the agreement between double 

measurements giving 95% limits of agreement, an interval within which 95% 

of the differences of double measurements will fall. The Bland-Altman plot is 

also valuable in detecting proportional bias, i.e. if the difference in values 

resulting from two methods increases/decreases in proportion to the average 

values (149,150).            
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Limitations 

The studies in this thesis have several limitations. In study I, the external 

validity of our findings could be questioned as only a small proportion of 

patients assessed for eligibility met the inclusion criteria. However, Aro et al's 

study showed similar results to our study despite using different stem designs 

and different timing in initiation of denosumab in relation to surgery (117). 

This supports the external validity of our study. Periprosthetic BMD, our 

primary outcome, is a surrogate variable. The question is whether denosumab 

can lower the risk of revision due to implant loosening or periprosthetic 

fractures. However, studying these rare events requires another method, such 

as registry studies. Performing F-PET on the entire study cohort would have 

yielded more robust results. We chose to examine only half of the cohort for 

financial reasons and safety concerns about irradiation. 

RSA would have given useful information on early migration but was not 

done for technical- and safety (radiation) reasons.  

There are investigator-dependent steps in the analysis in study II, and we 

did not determine the inter- or intraobserver reliability. However, the 

reliability of CTMA was found to be excellent in a later study (151). We do 

not know how changes in skeletal anatomy over time might interfere with the 

software registration of bone. Nevertheless, there are built-in algorithms to 

correct for morphologic changes as the software identifies areas of the bone 

that correspond and disregards areas with discordant anatomy. Furthermore, 

this study is limited to the analysis of acetabular components. The pelvic 

anatomy could be more suitable for identifying anatomic landmarks than, for 

example, the proximal femur, which would render less precise measurements. 

The main limitation of study III is the number of patients lost to follow-up 

and technical problems with RSA. Given the small number of patients 

included and high number of patients lost to follow-up in study III, the clinical 

outcome should be interpreted with great caution. 

Because we did not perform double measurements in this follow-up study, 

the precision of RSA could not be determined. However, in the original study 

with the same setup and investigators, precision errors based on 99% precision 

intervals after repeated measurements were between 0.12 and 0.83 in rotation 

and 0.14 and 0.34 in translation. Of the original stem cohort of 27 patients, 4 

had undergone cup revision and excessive wear of the polyethylene insert had 

been noted. Although unlikely, this could imply that BMD-changes seen 

around the stem are caused by wear debris from the plastic insert (152). We 

did not investigate the correlation between the magnitude of wear and the 

amount of BMD-loss. 

We used only two observers in study IV. A higher number of observers 

would have increased the power, but the relatively large number of 

observations in part offset this limitation. Because F-PET’s minimal clinically 

important difference is unknown, power analysis may not be meaningful. 
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Furthermore, we investigated only one type of implant. Other implants may 

have yielded a different result. We did not analyze the F-PET images in 

random order, which could introduce bias if images from the previous analysis 

were remembered. However, we do not believe this bias took place. The most 

important limitation is that we only studied the reliability, agreement, and 

precision of the analysis of the F-PET images and not the entire F-PET 

method. To do that analysis we would have had to do test-retest procedures 

for each patient including repositioning and rescanning in the PET/CT 

machine.   
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Conclusions 

▪ Loss of periprosthetic BMD is mitigated for up to 24 months by two 

doses of denosumab. However, after discontinuation, BMD falls 

rapidly as systemic bone turnover increases. The decrease in local 

periprosthetic and systemic bone resorption is coupled with an almost 

equal reduction in local and systemic bone formation, seen as a 

decrease in SUV on F-PET and S-P1NP. 

 

 

▪ The CFP stem shows continuous proximal, periprosthetic BMD loss 

up to 8 years after surgery but remains stable. The implant design does 

not prevent stress shielding. 

 

 

 

▪ CTMA, with or without tantalum beads is a precise method to 

determine micromotion on different acetabular implants and with 

various CT protocols. The radiation dose is higher than RSA but of 

the same magnitude as pelvic or lumbar radiographs. CTMA has the 

potential to replace RSA in implant research but could also be used in 

clinical practice to detect loose implants as no implanted beads are 

needed. 

 

  

▪ F-PET of femoral stems can be analyzed with excellent reliability, 

high agreement and moderate precision using the QHPR software. 

Periprosthetic F-PET shows promise in assisting the clinician in cases 

of suspected implant loosening or infection. 
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Future Studies 

Several areas covered in this thesis warrant further study. We still do not know 

whether loss of periprosthetic BMD constitutes a clinical problem. As a 

physiologic response to stress shielding, it might be that there is no increased 

risk of implant loosening or periprosthetic fractures. Before further attempts 

are made to intervene pharmacologically, the clinical consequences of stress 

shielding must be investigated. 

The precision of CTMA depends to a considerable extent on the correct 

identification of rigid bodies. When investigating extremities, this might 

constitute a problem as the bones are more symmetrical than other parts (e.g., 

the pelvis). Future studies should determine the precision of CTMA for other 

regions of the body. 

It would be of value to determine the precision of periprosthetic F-PET 

with double measurements and repositioning of the patient. Periprosthetic F-

PET holds enormous potential and further studies should continue the search 

for clinical applications, as well as standardized ways to analyze images. 

There may be potential in artificial intelligence and machine learning to 

improve the method by developing automated image analysis of F-PET.  
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Summary in Swedish— Sammanfattning på 

Svenska 

Byte av höftleder som drabbats av artros (ledsvikt) är en av medicinhistoriens 

mest lyckade kirurgiska åtgärder. Vanligtvis ersätts ledkulan med en kula av 

metall och ledskålen med plast. Det finns två olika tekniker för att förankra 

protesen till ben: ocementerat eller cementerat. Den förra innebär att protesen 

kilas fast i benet varefter ben växer in i metallens ojämnheter medan den 

senare innebär att man fyller benet med en massa av härdplast (”bencement”), 

trycker fast protesen i massan och låter den härda fast.  

Oavsett fixationsmetod minskar benets täthet kring protesstammen (som 

sitter i lårbenet) långsamt över åren efter operationen. Orsaken är att 

belastningen tas upp nästan helt av metallen istället för benet och ben som 

avlastas förlorar i täthet. Det uppstår en lokal benskörhet vilket skulle kunna 

innebära risk för lossning av, eller benbrott i anslutning till, protesen. För att 

undvika benförlust har försök gjorts med olika design på protesstammen 

syftande till ökad belastning av benet. En sådan stam är CFP-stammen. I en 

tidigare Uppsalastudie såg man dock att benet kring stammen, trots designen, 

minskade.  

Radiosterometrisk analys (RSA) är en metod för att upptäcka mycket små 

rörelser (tiondels millimetrar) mellan protes och ben. Metoden används i 

forskning för att tidigt upptäcka problem med nya protestyper. Nackdelar med 

metoden är behovet att operera in metallkulor i skelettet samt särskild 

röntgenutrustning. Som ett alternativ har en teknik utvecklats där 

datortomografi utan metallkulor (CTMA), används för samma syfte. Det är 

fortfarande inte helt klarlagt om noggrannheten vid CTMA är likvärdig med 

RSA. 

Positronemissionstomografi (PET) kan användas för att undersöka 

pågående benbildning. Metoden innebär att en liten dos radioaktivt ämne 

injiceras i kroppen. När ben ska undersökas används ofta radioaktivt fluor som 

av benbildande celler hanteras som calcium och lagras in i nybildat ben. 

Patienten placeras i en scanner som avläser strålningen i den aktuella 

kroppsdelen och man får då ett mått på pågående benbildning. Metoden är 

under utveckling men har använts vid höftprotesforskning och för att upptäcka 

problem efter protesoperation såsom lossning eller infektion kring protesen. 

Det är oklart vilken noggrannhet metoden har samt om olika undersökare 

kommer till samma resultat vid analys av samma PET-bilder. 
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I denna avhandling undersöktes i fyra delarbeten vad som händer med 

bentätheten och protesfixationen för CFP-stammen på lång sikt och om man 

kan förhindra benförluster kring stammen med hjälp av läkemedel mot 

benskörhet. Vidare fastställdes noggrannheten för CTMA av ledskålar vid 

höftprotes och för PET av protesstammar. För PET-metoden fastställdes också 

överensstämmelsen för olika undersökare vid analys av samma bilder.  

Vi gjorde en studie där 64 patienter som genomgick operation med CFP-

stam lottades mellan placebo och ett benskörhetsläkemedel, denosumab. 

Patienterna följdes i 2 år med mätning av bland annat bentäthet kring protesen 

och PET (halva gruppen, 32 patienter) (studie I).  Patientgruppen från den 

tidigare Uppsalastudien av CFP-stammen kallades in för en uppföljning 8 år 

efter operationen. Vi undersökte bentäthet och protesens stabilitet med RSA 

(studie III). Från tre pågående studier av protesledskålar i höfter inkluderades 

totalt 24 patienter med fastsittande proteser till studie II. Dessa genomgick 

dubbelmätningar med CTMA. Eftersom ingen rörelse av protesen skett mellan 

mätningarna består skillnaden mellan mätningarna av ett mätfel. Genom 

statistisk analys av mätfelen beräknade vi noggrannheten för CTMA. 

Slutligen, i studie IV, lät vi två oberoende undersökare genomföra analys av 

PET-bilder från studie I. Varje undersökare analyserade samma bilder vid två 

tillfällen med minst 3 veckors mellanrum. Med statistisk analys av skillnader 

beräknades pålitligheten, överensstämmelsen och noggrannheten i metoden. 

De mest intressanta resultaten var att den grupp i studie I som fick 

denosumab inte tappade ben kring protesen så länge behandlingen pågick 

medan placebogruppen gjorde det. När denosumabeffekten försvann tappade 

den gruppen ben i snabbare takt än placebogruppen. Man såg en tydlig 

minskning av lokal benbildning vid PET i denosumabgruppen. Båda 

grupperna var lika nöjda med resultatet efter operationen. I studie III såg vi att 

fram till 8 år efter operationen minskade bentätheten kring CFP-stammen men 

stammen satt väl fast och patienterna var mycket nöjda. Noggrannheten för 

CTMA var mycket hög (tiondels millimetrar). PET-analys av protesstammar 

visade sig vara pålitlig med hög överensstämmelse för, och mellan, 

undersökare.  

Sammanfattningsvis visar denna avhandling att benförluster kring 

protesstammar kan förhindras med denosumab och att CFP-stammen uppvisar 

fortsatt minskning av bentäthet men, trots detta, är protesen välfungerande och 

stabil. Vidare visar avhandlingen att analys av protesrörelser kan göras utan 

behov av metallkulor med samma precision som RSA, vilket gör CTMA till 

ett fungerande alternativ till RSA. Slutligen konkluderar vi att PET av 

höftproteser är en pålitlig metod som kan användas när analys av benbildning 

kring proteser är av intresse.     
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