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[bookmark: _Toc383351657]Introduction
The most common reason for a patient to have his or her natural hip joint replaced with an artificial prosthesis is osteoarthritis. Other reasons may include fracture, inflammatory arthritis, osteonecrosis of the femoral head, or childhood disease such as developmental acetabular dysplasias or sequels from congenital dislocations. The first 6 operations in Sweden were done in 1967 and the number has increased every year since. The number of primary hip arthroplasties in Sweden in 2012 was around 16,000, with 6 of every 10 patients being female. The prevalence in 2012 was almost 3% of individuals above 40 with at least one hip arthroplasty. The clinical success of primary hip replacement is unequivocal and 10-year survival for the most common prosthesis is more than 95%. Still, the need for revisions will remain and will probably continue to increase as the average life expectancy increases—as does the number of hip replacements. In Sweden, the number of hip revisions in 2012 was 2,308 (Garellick 2013). In the USA, the number of hip revisions between the years 2005 and 2030 is projected to increase by 137% to an estimated number of 96,700 revisions a year (Kurtz 2007).
The term revision is used for the exchange or extraction of one part, several parts, or all of the prosthesis. The most common reason for revision is aseptic loosening, i.e. when the prosthesis/cement construct detaches from the bone. Revision of a total hip arthroplasty (THA) is often associated with femoral bone loss. Apart from aseptic loosening, bone loss aetiology may include osteolysis, infection, periprosthetic fracture, stress shielding, ageing, and iatrogenic bone loss during implant extraction (Mayle and Paprosky 2012). 
Revision surgery can be challenging, and patients are often old and may have potential comorbidities, and the risk of further surgery should be minimised. Stable and long lasting fixation of the prosthesis is paramount.
When there is bone loss, one method of restoring the bone stock is revision using the impaction allograft technique (Gie 1993, Slooff 1984). Allograft bone, most commonly frozen femoral heads collected and saved from primary arthroplasties, is morsellised to bone chips (Board 2008). The allograft is impacted in the acetabulum and around the femoral stem to fill out defects, and is combined with a cemented or sometimes uncemented implant. The aim of using the impaction technique is to achieve adequate initial stability at the time of surgery, and also to maintain stability during the incorporation and remodelling of the allograft. Both the early stability and the stability maintained in response to the stress applied during graft remodelling are necessary to achieve long-term survival of the implant (Board 2006).
The impacted bone graft is more or less remodelled—in the acetabulum almost completely to new bone (van der Donk 2002) but to a lesser extent in the femur (Ullmark and Obrant 2002). When remodelling occurs, it is important that mechanically robust new bone formation should compensate for the simultaneous graft resorption, to maintain stable conditions for the prosthesis. If an impacted graft fails mechanically, i.e. the prosthesis starts to rotate or subsides within the bone after the first few months, this is likely to be an effect of resorption of the graft happening to quickly (van Haaren 2007). The migration or micromotion of a prosthesis relative to the bone can be studied with high sensitivity and precision using radiostereometric analysis (RSA).
Bisphosphonates are effective inhibitors of bone resorption, which makes them potential candidates for inhibiting an overly rapid graft resorption during the graft incorporation process. Bisphosphonates bind strongly to bone mineral and inhibit mature osteoclasts (Russell 2008). Bone morphogenetic proteins (BMPs) stimulate bone formation and accelerate remodelling of bone (Kamiya and Mishina 2011). The results of using BMPs in clinical trials have not been convincing (Kärrholm 2006), which may be due to the less well-known fact that BMPs also stimulate bone resorption. Combining BMPs with an anti-resorptive drug such as bisphosphonate might be an attractive combination to overcome this problem. 
BMPs are administered locally during the operation. Bisphosphonates can be administered systemically or as a local addition to the allograft. In a randomised study of hip revision using the impaction technique, allograft was treated locally with a bisphosphonate, and the bone density after impaction grafting increased relative to the controls (Kesteris and Aspenberg 2006). Whether or not the increased bone density also leads to an increased stability of the implant and ultimately to a reduced risk of re-revision remains unclear. The purpose of the present thesis was to investigate the possibility of pharmacological treatment of allograft bone and then to investigate in a human study whether reduced resorption during remodelling would also make a revised hip prosthesis more stable.
[bookmark: _Toc284856059][bookmark: _Toc288641851][bookmark: _Toc295890108][bookmark: _Toc295890346][bookmark: _Toc383351658]Hypotheses

1. The bisphosphonate zoledronate and BMP-7 can be combined and applied locally to allograft bone, and the effects on bone ingrowth and resorption would be synergistic.

2. Local application of bisphosphonate peroperatively to allograft bone is an efficient mode of drug administration.

3. The soaking time of an allograft in bisphosphonate solution would influence the effects on bone ingrowth and resorption.

4. Treatment of impacted allografts with clodronate would lead to denser bone around a hip arthroplasty, and therefore to reduced micromotion of the prosthesis relative to the bone in patients.
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[bookmark: _Toc383351659]Bone remodelling
Fracture healing and bone remodelling can be considered to be a form of tissue regeneration. Bone is one of the few tissues that can heal without forming a fibrous scar (Marsell and Einhorn 2011), and living bone is subject to constant remodelling. This remodelling process results in complete turnover of the adult bone mass every 4—20 years. Remodelling is crucial for the skeleton to adapt to an increase in load, such as exercise, and also to maintain structural integrity—and thereby bone strength (Seeman and Delmas 2006).
Bone remodelling can be seen as a cycle involving 4 phases: activation, resorption, reversal, and formation. The most likely reason for activation is removal of damaged and old bone. The activation is probably mediated by the death or deformation of osteocytes around a microfracture, thus defining the location and amount of resorption needed (Seeman and Delmas 2006, Verborgt 2000). Apoptotic osteocytes therefore trigger unidentified signals that induce osteoclastic bone resorption. This could be through the release of some signal from the dying osteocytes or from nearby cells that sense their neighbours’ stress, or through the cessation of some continuous osteocyte-derived signal (Bellido 2014, Jilka 2013, Xiong and O'Brien 2012).
In the activation phase, osteocytes and bone-lining cells communicate and express the cytokines macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear factor κB ligand (RANKL) to recruit haematopoietic osteoclast precursors (Henriksen 2009, Xiong and O'Brien 2012). Preosteoclasts fuse and differentiate into multinucleate osteoclasts, which attach to the bone surface and begin resorption in specific area called a bone remodelling unit (BRU). The osteoclasts create a trench with a depth of 40–60 µm (Hadjidakis and Androulakis 2006). The resorption phase takes approximately 2–3 weeks, after which the osteoclasts leave or go into apoptosis. The reversal phase involves cessation of osteoclast activity and recruitment and differentiation of osteoblast precursors. The osteoblasts are activated, adhere to the surface, and produce new bone matrix—osteoid tissue. Mineralisation of the osteoid starts with a rapid primary mineralisation phase resulting in a mineralisation grade of 50–70% of the maximal value. After a number of days or weeks, this is followed by a secondary phase in which the speed of mineralisation is substantially reduced (Bala 2013). Complete bone formation takes a few months, and during this process some osteoblasts are encased and become osteocytes (Figure 1).
[image: ]Figure 1: The phases of bone remodelling
Schematic illustration of the phases of bone remodelling in a bone remodelling unit. A) Remodelling is activated by a microfracture sensed by osteocytes that initiate recruitment and activation of B) osteoclasts for bone resorption. C) The reversal phase involves cessation of osteoclast activity and recruitment and differentiation of osteoblast precursors. D) Mature osteoblasts produce osteoid tissue that is mineralised. In the resting state osteocytes are encased within the new-formed bone. Adapted from Henriksen 09 and reprinted with permission from Elsevier.
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The induction of bone formation requires three key components (apart from adequate oxygen tension): inductive signals, responding stem cells, and the extracellular matrix (Reddi 2000). The inductive signals include BMPs and the responding cells are preosteoblasts from the mesenchymal stem cells. The extracellular matrix is the microenvironmental context. During remodelling, osteoclasts resorb the mineralized matrix and osteoblasts form new bone matrix. The process is tightly regulated to replace the exact amount of bone removed, and is referred to as coupling (Sims and Martin 2014). Coupling mostly occurs within the BRU. It is a complex process, and there is still much to learn. Cells in different stages of differentiation, in both the osteoblast lineage and the osteoclast lineage, are involved—in addition to cells from the immune system. Signals can be matrix-derived, such as transforming growth factor beta1 (TGF-β1), which may promote bone formation through recruitment of mesenchymal stem cells (Tang 2009). Signals can also be secreted, such as cardiotrophin-1, a cytokine secreted from osteoclasts that stimulates osteoblast differentiation and bone formation (Walker 2008). There are also membrane-bound contributors to coupling, such as the ephrinB2/EphB4 signalling within the osteoblast lineage, which is important in differentiation (Takyar 2013). In addition, signals for interaction with other marrow components, e.g. hematopoietic stem cells, are involved. Oncostatin M is secreted by macrophages and stimulates both osteoblasts and osteoclasts (Walker 2010). Bone formation is also closely (both temporally and spatially) associated with vascularization (Schipani 2009). In conclusion, induction of bone formation is complex and both osteoclasts and osteoblasts are involved in osteoblast recruitment, in differentiation, and in the formation of bone matrix (Figure 2).
[image: ]
Figure 2: Bone remodelling unit and coupling
Bone remodelling in a bone remodelling unit. Preosteoclasts are recruited from haematopoietic stem cells (HSCs) and fuse and differentiate into mature osteoclasts (OCs) that resorb bone. The coupling process involves stimulatory and inhibitory signals in recruiting mesenchymal stem cells (MSCs) to differentiate into osteoblasts: 1) signals from osteocytes to osteoblasts, 2) signals from osteoclasts and matrix-derived to osteoblasts, 3) signalling within the osteoblast lineage, 4) signals between the osteoblast and osteoclast lineages  and 5) marrow cells signals to osteoblasts. Adapted from Sims and Martin 14 and reprinted with permission from Nature Publishing Group.
[bookmark: _Toc383351661]Bone cells
[bookmark: _Toc383351662]Osteoclasts
Osteoclasts are multinucleate cells 20–100 µm in diameter and contain 3–20 nuclei. As seen in the electron microscope, the osteoclast has a ruffled border facing the bone surface. The ruffled border adheres to the bone through a circumferential sealing zone that is stimulated by the presence of bone mineral (Crotti 2011)  and defines the actual resorption space. To dissolve the mineral and matrix components of bone, the osteoclasts secrete hydrochloric acid and proteases such as cathepsin K into the resorption space beneath their basal cell membrane. Bone resorption generates matrix fragments, calcium ions, and phosphate ions that undergo endocytosis at the basal membrane.
Osteoclasts are derived from mononuclear myeloid haematopoietic precursor cells in the bone marrow. The precursor cells are recruited to BRUs, where they fuse to form osteoclasts (Boyce 2013). Two cytokines are required and sufficient for precursors to differentiate into osteoclasts: macrophage-colony stimulating factor (M-CSF) and RANKL (Boyce 2009), which are expressed by cells from the osteoblastic lineage to recruit osteoclast precursors. M-CSF binds to receptors on osteoclast precursors in the early phase of differentiation, and one of the earliest effects of M-CSF is promotion of receptor activator of nuclear factor κB (RANK). RANKL binds to RANK on pre-osteoclasts (Boyce 2013, Yasuda 1998) and the intracellular domain of RANK binds to TRAF6, leading to specific gene expression through transcription factors such as NF-κB regulating osteoclast differentiation and activation (Theoleyre 2004)(Figure 3).
[image: ]Figure 3: Osteoclast differentiation
Regulation of osteoclast formation and differentiation. Adapted from Boyce 13 and reprinted with permission from SAGE Publications.
[bookmark: _Toc383351663]Osteoblasts
Mature osteoblasts are responsible for the production of bone matrix constituents such as proteoglycans, collagen I, and osteocalcin, and mineralization through deposition of calcium phosphate crystals, e.g. hydroxyapatite (Ca10(PO4)6(OH)2). Osteoblasts do not function individually, but are found in clusters along the bone surface lining the layer of bone matrix that they produce (Hadjidakis and Androulakis 2006). The osteoblasts originate from multipotent mesenchymal stem cells. Early osteoblast precursors express the transcription factors Runx2, Osterix (Osx), and β-catenin (Dirckx 2013). β-catenin is the major mediator of canonical Wnt signalling (Lin and Hankenson 2011). Osteoblasts are involved in osteoclast regulation through production of RANKL and osteoprotegerin (OPG) (Simonet 1997). OPG is a decoy receptor of RANKL, that limits the recruitment and differentiation of osteoclasts (Martin 2013). The mature osteoblasts ultimately undergo apoptosis, become bone-lining cells, or are embedded in bone and become osteocytes (Figure 4).
[image: ]Figure 4: Osteoblast lineage of differentiation
Regulation of osteoblast formation and differentiation. Adapted from Dirckx 13 and reprinted with permission from Wiley Publications.
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Osteocytes are spider-shaped cells embedded in bone and comprise more than 90% of all bone cells. Osteocytes are derived from osteoblasts entrapped in lacunae in bone during remodelling, and they remain viable for years. Osteocytes communicate within the bone, but also with cells on the surface of bone via interconnecting dendritic processes travelling through canaliculi, the microscopic canals in bone between lacunae. Cell-to-cell communication is mediated by gap junctions (Loiselle 2013). The bone surrounding the lacunae appears to be hypomineralized so that the osteocyte can regulate lacunar size (Bonewald 2007) for maintenance of calcium homeostasis (Wysolmerski 2013).
Osteocytes are located in bone to sense mechanical strain, and they are responsive to fluid flow. Strain is translated into biochemical signals and communicated to cells on the surface of bone, for example by the protein sclerostin (Loiselle 2013). Sclerostin is mainly expressed in osteocytes (Bellido 2014). Unloading (as in bed rest) results in increased secretion of sclerostin by osteocytes, causing a decrease in Wnt/β-catenin signalling, thus inducing apoptosis of osteoblasts and osteocytes and reduced bone formation (Lin 2009). Osteocytes also influence bone remodelling and osteoclast function via the RANK/RANKL system and OPG (Kramer 2010, Xiong 2011). Osteocyte apoptosis leads to increased RANKL signalling, and thereby to osteoclast induction (Tatsumi 2007). Apoptosis of osteocytes precedes bone resorption in situations of loss of mechanical load (Aguirre 2006), but also after treatment with glucocorticoids (Weinstein 2012) or oestrogen withdrawal (Tomkinson 1997).
[bookmark: _Toc383351665]Drugs interfering with bone remodelling
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Bisphosphonates are analogues of the natural pyrophosphate found in bone, and were first synthesized in 1865. Bisphosphonates have been used in medicine since the 1960s. Pyrophosphate is the body’s own “water softener”; it prevents calcification of soft tissues, inhibits the dissolution of hydroxyapatite crystals, and regulates bone mineralization. Bisphosphonates have similar properties and, unlike pyrophosphate, can be administered orally. Bisphosphonates were originally intended to inhibit calcification in atherosclerosis, but were found to inhibit osteoclast-mediated bone resorption. Modern bisphosphonates have a high anti-resorptive activity without a corresponding ability to inhibit mineralization (Russell 2006).
Artificially manufactured bisphosphonates differ from the pyrophosphate found in the body, in that the oxygen atom in pyrophosphate is changed to a carbon atom with two side chains (R1 and R2). The P-C-P structure—unlike the P-O-P structure—is highly resistant to hydrolysis. The R1 side chain is usually a hydroxyl (OH) group; it enhances the affinity for calcium (Figure 5). The R2 side chain defines the potency of the bisphosphonate. Adding an amino (nitrogen- containing) group to the R2 side chain increases the binding affinity by about 10 times (Leu 2006) and the anti-resorptive potency by 1,000-fold (Rogers 2000). The bisphosphonates containing a nitrogen atom within a heterocyclic ring are the most potent anti-resorptives. During osteoclastic bone resorption, the ability of bisphosphonates to bind to calcium ions is reduced at the low pH of the acidic environment of the osteoclast resorption lacunae (Rogers 2000), and bisphosphonates are released and taken up by the osteoclast. Bisphosphonates without nitrogen can be metabolized into non-hydrolysable cytotoxic analogues of ATP, causing apoptosis of the osteoclast. The more potent aminobisphosphonates are not metabolized, but inhibit protein prenylation in the mevalonate pathway, which is fundamental to osteoclast formation and function (Russell 2006).


Figure 5: Bisphosphonates
Bisphosphonates are similar to inorganic pyrophosphate, but have a carbon atom instead of an oxygen atom, giving a P-C-P moiety with two R side chains. In Clodronate both R-side chains consist of chloride atoms. In Zoledronate the R2-side chain contains a nitrogen atom within a heterocyclic ring. Image to the right adapted from Wikipedia.


Only about 1–4% of an oral dose of bisphosphonate is absorbed from the intestine. Once absorbed, bisphosphonates have a high affinity for bone and accumulate in bone. The distribution in the skeleton is uneven and bisphosphonates are mainly found in areas of bone resorption and remodelling (Masarachia 1996, Sato 1991). The total dose administered is a major determinant of their effects. The same inhibition of bone resorption is accomplished whether they are given as small doses frequently or as larger doses less often (Bauss and Russell 2004, Gasser 2008).
[image: ][image: ]Zoledronate
Zoledronate, or zoledronic acid, is a third-generation nitrogen-containing aminobisphosphonate with a molecular weight of 272 g/mol and the molecular formula C5H10N2O7P2. Zoledronate was first described in 1994 (Green 1994) and was found to be highly effective in normalizing serum calcium levels in patients with hypercalcemia (Major 2001). A once-yearly intravenous infusion is effective in preventing fractures related to osteoporosis (Black 2007, Boonen 2012).
[bookmark: _GoBack]Zoledronate has a very high affinity to hydroxyapatite, even when compared to other modern bisphosphonates (Nancollas 2006). Not only the R1 side chain but also to R2 side chain is involved in binding to the calcium ion. This “double anchoring” contributes to the high affinity, but may also influence the crystallinity of bone apatite (Bala 2013).
Clodronate
Clodronate is a second-generation bisphosphonate with a molecular weight of 244.9 g/mol and the molecular formula CH4Cl2O6P2. Both R-side chains consist of chloride atoms; this makes the molecule small with a relatively low bone affinity. Clodronate has a potency that is intermediate between that of the first-generation bisphosphonates and that of the aminobisphosphonates. It can be administered either orally or as an intravenous infusion, and there is wide experience in the treatment of hypercalcemia (Kanis and McCloskey 1997).
[bookmark: _Toc383351667]Bone morphogenetic proteins
Apart from mineral and water, bone is composed of an organic matrix, around 90% of which is collagen type I and the remaining 10% is non-collagenous proteins. In 1965, Urist described how demineralised bone matrix (DBM) could induce bone formation in muscle (Urist 1965). Bone formation is induced by proteins in the extracellular matrix of bone (Boon 2011) and these proteins are called bone morphogenetic proteins (BMPs).
Today, the BMPs are known to belong to a diverse family of signalling proteins, the TGF-β superfamily, involved in numerous biological patterning and differentiation pathways. More than 20 different BMP ligands have been identified to date. Apart from inducing bone formation, they are involved in many developmental processes including heart, eye, and kidney formation. BMP-2, 4, 5, 6, and 7 all have strong osteoinductive capacity (Chen 2012). BMPs are synthesized as large precursors, and then folded and cleaved to form active BMPs composed of 50–100 amino acids. Seven of them are cysteines, six of which form three intramolecular disulphide bonds. The seventh cysteine is used to form a covalent bond with another monomer. With few exceptions, all BMPs form either homo- or heterodimers, all of which are biologically active signalling molecules. BMPs can be released as single soluble signals or packed inside matrix vehicles for interaction with neighbouring cells or release into the bloodstream. BMPs can also be secreted and tethered within the extracellular matrix (Bragdon 2011).
The BMP dimer binds to a BMP type I receptor, which is phosphorylated by a BMP type II receptor. There are five known BMP type I receptors and three type II receptors. Genetic control of the BMPs is mediated by multiple intracellular pathways, from surface receptors to gene transcriptional factors. The Smad-dependent pathway is the best-studied BMP pathway. Regulatory Smads (R-Smads) are activated through phosphorylation and interact with Smad 4 (Co-Smad) for translocation into the nucleus, to regulate expression of target genes such as Runx2 and Osterix that stimulate osteoblast differentiation and proliferation. Inhibitory Smads (I-Smads) can suppress signals by preventing the phosphorylation of R-Smad and its association with Co-Smad (Song 2009). BMPs initiate other downstream signalling pathways through Smad-independent pathways (Bragdon 2011).
Apart from the osteoinductive capacity of BMPs with stimulation of osteoblasts, it appears that they also stimulate osteoclasts. This may be through osteoblastic activation of the RANKL-OPG pathway with stimulation of RANKL production, and also by increased sclerostin expression with inhibition of Wnt signalling  (Kamiya and Mishina 2011). There are also BMP receptors on osteoclasts (Kaneko 2000).
BMPs in hip revision
Clinically, BMPs are used for open fractures and non-unions (Moghaddam 2010). They were initially also believed to have a strong positive effect on morsellised allograft bone used in hip revision (Cook 2001). However, a previous experiment with allograft treated with BMP-7 in our tibial prosthesis model showed a trend of less bone in the BMP-7-treated group (Tägil 2003). Furthermore, in a sheep model with a cemented hemi-arthroplasty and impacted allograft, BMP-7 led to increased resorption of graft bone and to one case of excessive stem subsidence (McGee 2004). One case-control study on hip revision with impacted allograft mixed with BMP-7 showed no trend of improved fixation. There was one early revision in the treatment group, which led to closure of the study (Kärrholm 2006). BMP-7 as single treatment of allograft bone does not appear to bring any real advantage to the method of impaction grafting, which was the reason for us exploring combination of BMP-7 with a bisphosphonate.




[bookmark: _Toc383351668]Bone grafts
Bone is the second most transplanted tissue after blood. The purpose is to replace missing bone and/or to stimulate bone formation. The bone-forming properties of bone are traditionally divided into osteogenesis, osteoinduction, and osteoconduction. Osteogenesis is the ability of a graft to provide progenitor cells with osteogenic potential, to directly lay down new bone (Campbell 2008). Osteoinduction is defined as recruitment of osteoprogenitor cells that proliferate and differentiate into osteoblasts (Goldberg 2000). Osteoconduction is a function of a bone graft that provides a three-dimensional structure; this is hypothesized to act as a trellis for the ingrowth of host capillaries and osteoprogenitor cells (Goldberg 2000).
By definition, autologous bone—or autograft—is graft bone harvested from the same patient. Autograft is considered to be the gold standard and has osteogenetic, osteoinductive, and osteoconductive properties. However, harvest is a time-consuming procedure with donor-site morbidity and insufficient yield.  In hip revision surgery, autografts are rarely used and impaction grafting is most commonly performed using allograft bone. Allograft is tissue transplanted from one individual of a species to another of the same species. Human bone allografts are cleaned and processed to remove cells, and to reduce the immune reaction and the risk of transmitting diseases. Allografts can be used as structural or morsellised grafts. Allograft bone is not osteogenetic, but it is osteoconductive and to some extent osteoinductive (Bauer and Muschler 2000, Khan 2005). Demineralised allograft is produced through mild acid extraction of the mineralised phase of bone, leaving growth factors, collagen, and proteins—making it mechanically weak but highly osteoinductive (Khan 2005). Other alternatives as bone substitutes are synthetic materials with mineral structures similar to the mineral content of human bone, such as calcium phosphate and calcium sulphate (Calori 2011), which all have osteoconductive properties but no osteogenetic properties (Figure 6).
[image: ]
Figure 6: Bone formation
Venn diagram illustrating the bone-forming properties of bone and bone substitutes.
Impaction bone grafting in hip revision is most commonly performed using fresh frozen femoral head allograft (fresh frozen bone), donated by patients undergoing primary hip arthroplasty operations. Following donation, the allograft (femoral head) is kept under sterile conditions in a bone bank at - 80° C. The frozen femoral head is thawed at the time of surgery and milled to the required size. The most commonly used alternative to fresh frozen bone graft is processed bone (freeze-dried or irradiated bone) (Board 2009). No randomised controlled trials comparing the two options have been performed, but the reported outcomes appear to be better for fresh frozen bone.
There are concerns regarding the safety of allograft bone and the risk of transmission of diseases and infection. Only a few reported cases of HIV transmission worldwide have been published (Centers for Disease 1988, Li 2001). The risk reduction process starts with donor selection. A thorough medical history is fundamental to identify potential risks, such as a previous history of cancer or drug abuse. Secondly, potential donors are screened for transmissable diseases, predominantly viral markers of HIV 1 and 2 infection and Hepatitis B and C infection, and also syphilis. Following these precautions, the risks of disease transmission are extremely low (Lomas 2013).


[bookmark: _Toc383351669]Allograft bone remodelling
Different kinds of bone graft can be chosen according to the desired function. In some cases, e.g. in the treatment of a non-union, osteogenesis—formation of new bone—is the most important biological function of the bone graft. In other cases, prompt mechanical stability is the primary function of the graft. Mechanical support can be provided by the graft immediately, or it can be developed during remodelling by transformation of the graft into living bone. Mechanical support can also be lost during remodelling, due to excessive resorption of the graft or, in the absence of remodelling, through fatigue fracture of the graft. 
The incorporation of the graft is a dynamic process involving several biological events: inflammation, revascularization, resorption of the donor bone, substitution with new host bone, and remodelling of the new-formed graft/new bone construct (Goldberg 2000). Initially, an acute inflammatory response is followed in the second week by ingrowth of fibrous granulation tissue and osteoclast activity (Goldberg and Stevenson 1987). Allograft bone elicits transplantation immunity. Frozen bone allografts lack viable donor cells, but allogenic human leukocyte antigen (HLA) is shed from necrotic cells (Reikeras 2011). These may be recognized by T-cells and macrophages and induce the release of cytokines. Some of these cytokines may play a role in the bone remodelling, but the exact nature of this is unknown (Khan 2005). The next stage of allograft incorporation involves vascularization, which is a step necessary for osteoinduction to take place. Both endochondral and intramembranous bone formation is tightly associated with angiogenesis, due to the function of supplying oxygen, nutrients, growth factors, and progenitors to the bone cells. Vascular endothelial growth factor (VEGF) is a powerful mediator of angiogenesis, and cells from the osteoblast and osteoclast lineage—and also all other mesenchymal cells—respond to VEGF signalling (Dirckx 2013). The allograft is believed to act as a scaffold onto which the host osteoblasts lay down new bone under the influence of growth factors (such as BMPs) derived from the extracellular matrix, from osteoclasts, and from signalling within the osteoblast lineage (Sims and Martin 2014). Some allograft bone is not resorbed and remains entrapped within the newly formed bone. At the same time, the graft is remodelled in accordance with the mechanical loads it is subjected to.




[bookmark: _Toc383351670]Hip revision surgery
Aseptic loosening is the most common cause of hip revision, and the term is used when the hip prosthesis loses its integration to the bone without any infectious cause. In the early days of joint replacement, the most common cause was septic. The term revision is used for the exchange or extraction of one part, several parts or all of the prosthesis. Multiple revisions are defined as repeated revisions in a hip that has previously undergone a revision; these are also called re-revisions (Herberts 2005). Re-revisions are becoming increasingly common, and by 2012 the incidence has increased to more than 20% of the revisions in Sweden (Garellick 2013).
The relative risk of revision is increased, compared to osteoarthritis, if the primary diagnosis was inflammatory arthritis (Ravi 2012), childhood disease (Engesæter 2012) or osteonecrosis of the femoral head (Bergh 2013). Other reported risk factors for revision are young age and a long operation time (Prokopetz 2012). Osteoarthritis is still by far the most common primary diagnosis in revisions in Sweden (Garellick 2013). There are several reasons for revision. These include aseptic loosening, osteolysis, dislocation, deep infection, periprosthetic fracture, technical error, implant fracture, pain, pseudotumor, and miscellaneous causes. Revision of a total hip arthroplasty (THA) is often associated with femoral bone loss (Sheth 2013). A stable fixation of the prosthesis is paramount, but may be troublesome as the residual bone tissue can be compromised.
[bookmark: _Toc383351671]Revision with impaction grafting
Revision with impaction of morsellised allograft bone in cavitary defects of the acetabulum in aseptic loosening of total hip arthroplasties was introduced by Sloof and co-workers in Nijmegen, the Netherlands, in 1984 (Slooff 1984). The method was modified for femoral revision (Figure 7) by Ling and Gie (Gie 1993). The aim of using the impaction technique is to achieve adequate initial stability at the time of surgery, and also to maintain stability during the incorporation and remodelling of the allograft. Both the early stability and the stability maintained during graft remodelling in response to the stress applied are necessary to achieve long-term survival of the implant (Board 2006). Bone grafting is the only revision option that reliably restores bone loss.
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Figure 7: Revision with impaction grafting
Morsellised allograft bone is impacted in the proximal femur within the cortex. The cavity must be contained and will sometimes need reinforcement with a metallic net or  wires. The graft is impacted around a phantom prosthesis in the femoral canal and a neo-medullary canal is produced. A prosthesis, typically with a polished, tapered stem, is cemented within the new-formed canal, with the cement pressurised into the allograft bone. Drawing by Ronny Lingstam.











Hip revision with the bone grafting technique is an appealing method for restoration of bone stock, and the long-term results are excellent. The survival rate of the revised hip prosthesis was 94% at 15 years in 1,305 impaction graft procedures (Ornstein 2009); results from other studies are summarized in Table 1. The impaction bone grafting technique is, however, a technically demanding and time-consuming procedure with potential risks such as peroperative and early postoperative periprosthetic fractures (Halliday 2003), infections, dislocations and major subsidence (Eldridge 1997). If a tapered, polished stem is used, there will usually be a more pronounced initial subsidence (Table 2) followed by migration at a low rate for at least 9 years according to RSA (Zampelis 2011). This is, however, well tolerated clinically.


Table 1
Studies on impaction bone grafting of the femur.
	Study
	Survival for any reason, %
	Aseptic loosening as endpoint, %
	Follow-up, year
	Number of hips

	Meding 1997
	88
	94
	2.5
	34

	Mikhail 1999 
	74
	100
	5–7
	43

	Halliday 2003
	90
	
	10–11
	226

	Mahoney 20 05 
	
	97 
	4.7
	44

	Schreurs 2005 
	91
	100
	10.4
	33

	Sierra 2008
	82
	90
	5
	42

	Wraighte and Howard 2008
	92
	
	10.5 
	75

	Ornstein 2009
  women
  men
	
94
95
	
	15 
	1305

	Padgett and Kinkel 2011 
	93
	
	
	27

	Lamberdon 2011
	84
	98
	10 
	540

	Iwase 2012
	93
	
	5.2 (2–13)
	99


Table 2
Implant subsidence in RSA studies on femoral revision with bone impaction grafting and a polished tapered stem.
	Study
	Subsidence, mm
	Follow-up, year
	n

	Ornstein 2001
	2.5 
	2
	18

	Nelissen 2002
  migrating
  stable
	
7.5
1.2
	
2
2
	
8
10

	Van Doorn 2002
  first follow-up
  second follow-up
	
1.3
1.7
	
1
2
	
11
8

	Ornstein 2004
  first follow-up
  second follow-up
	
2.7
3.1
	
2
5
	
15
15

	Zampelis 2011
  first follow-up
  second follow-up
	
2.9
3.9
	
1
9
	
25
17

	Belfrage (paper IV)
  clodronate
  control
	
2.6
2.3
	
1
1
	
12
18


The most commonly used source of allograft bone is fresh frozen femoral head (Board 2006). At surgery, the allograft bone is morsellised to produce cancellous bone chips, which, on the acetabular side, preferably are relatively large (Arts 2006). To increase the incorporation of the graft, the allograft bone can be rinsed after morsellisation using saline to wash out blood, marrow, and fat (van der Donk 2003). Rinsing will also improve the shear strength after impaction by increasing friction and compactability (Höstner 2001), and it also reduces immunogenic factors present in the allograft. The density and stiffness of the graft after impaction are believed to be of major importance for the initial stability of the implant (Kärrholm 1999), and they increase during impaction (Bavadekar 2001). Furthermore, morsellisation and impaction will also create micro-fractures in the allograft bone, leading to exposure and release of growth factors and proteins, e.g. bone morphogenetic proteins, from the non-collagenous matrix (Board 2008). Thus, the allograft will not only be osteoconductive but will also be osteoinductive to some extent and stimulate the subsequent incorporation and remodelling of the allograft bone.
The impacted bone graft is remodelled almost completely into new bone in the acetabulum (van der Donk 2002) and to a lesser extent in the femur (Ullmark and Obrant 2002). When remodelling occurs, it is important that mechanically robust new bone formation precedes graft resorption to maintain stable conditions for the prosthesis. If an impacted graft fails mechanically after the first few months, this is likely to be an effect of mechanical instability and due to resorption of the graft that has happened too rapidly (van Haaren 2007). 
[bookmark: _Toc383351672]Classification of bone stock loss
Preoperative assessment of bone loss is important. There are several classification systems for bone stock loss, radiolucency, and loosening in total hip arthroplasty. They all have advantages and limitations. The classification system developed by the American Academy of Orthopaedic Surgeons (AAOS)(D'Antonio 1993) is descriptive in detailing osseous abnormalities but does not provide a guide for reconstruction. The Endo-Klinik scale (Engelbrecht and Heinert 1987) is simple, but of limited value in providing a guide for reconstruction. The Paprosky classification (Table 3) (Paprosky and Aribindi 2000) is widely used and gives a simple algorithm for femoral reconstruction that concentrates mainly on uncemented implants. In 2010, Parry et al. (Parry 2010) proposed a novel classification system focusing on revision with bone impaction (Table 4). The latter two classifications were used in paper IV.

Table 3
Paprosky classification system for femoral defects.
	Type
	Description

	I
	Minimal metaphyseal bone loss

	II
	Extensive metaphyseal bone loss and an intact diaphysis

	IIIA
	Extensive metadiaphyseal bone loss and a minimum of 4 cm of intact cortical bone in the diaphysis

	IIIB
	Extensive metadiaphyseal bone loss and < 4 cm of intact cortical bone in the diaphysis

	IV
	Extensive metadiaphyseal bone loss and a non-supportive diaphysis


Table 4
Parry classification system for femoral defects.
	Type
	Description

	A
	Contained defect with minimal bone stock loss

	B1
	Contained defect with significant bone stock loss in metaphysis

	B2
	Contained defect with significant bone stock loss in diaphysis

	C1
	Uncontained defect with significant bone stock loss in metaphysis

	C2
	Uncontained defect with significant bone stock loss in diaphysis



Reliability is a statistical term to rate the consistency of classifications among users and can be divided into intra-observer reliability (consistency between the same observer on separate occasions) and inter-observer reliability (consistency between multiple observers on the same occasion or separate occasion). Fair to good reliability of the classification systems has been found with better values for intra-observer reliability than for inter-observer reliability. The simpler Endo-Klinik scale performs better than the more complex AAOS classification. Inter-observer reliability is intermediate to good for the Paprosky classification and for the Parry classification (Gozzard 2003, Parry 2010). Validation of classification systems is unusual. One attempt to investigate the validity of the AAOS classification of femoral bone stock loss was performed by Gozzard et al. (Gozzard 2003) who compared the radiological classification preoperatively to the findings during surgery. The agreement between the preoperative classification and the peroperative classification was considered to be moderate (κ = 0.54). Classification of femoral bone stock loss would be useful in preoperative planning and provides opportunities for comparisons of studies, but one should be aware of the limitations of the classification systems.
[bookmark: _Toc284856061][bookmark: _Toc288641853][bookmark: _Toc295890110][bookmark: _Toc295890348]



[bookmark: _Toc383351673]Materials and methods
[bookmark: _Toc383351674]Experimental part
[bookmark: _Toc383351675]Paper I. Influence of BMP-7 and zoledronate on bone ingrowth and resorption
The effect of BMP-7 and zoledronate on allograft bone was investigated in the bone conduction chamber. 34 rats received bilateral chambers. The groups were 1) saline control, 2) BMP-7, 3) zoledronate and 4) BMP-7 + zoledronate. The effect was evaluated by histomorphometry.
[bookmark: _Toc383351676]Paper II. Influence of mode of administration of zoledronate on bone ingrowth and resorption
The effect of zoledronate locally administered to bone graft was investigated in the bone conduction chamber. 50 rats received unilateral chambers. The groups were 1) saline control, zoledronate with 2) a short or 3) a long soaking time of the allograft in experimental solution before rinsing, 4) topical administration of zoledronate without rinsing of the graft, and 5) systemic zoledronate treatment.  The effect was evaluated by histomorphometry.
[bookmark: _Toc383351677]Paper III. Influence of BMP-7 and zoledronate on remodelling of mechanically loaded allograft bone
The effect of locally administered zoledronate and BMP-7 on allograft bone remodelling was evaluated in a loaded tibial prosthesis model. 21 rabbits received unilateral knee prostheses. The groups were 1) saline control, 2) zoledronate alone and 3) BMP-7 + zoledronate. The effect was evaluated by micro-CT and histology.


[bookmark: _Toc383351678]The bone conduction chamber
The bone conduction chamber (BCC, Figure 8) consists of a threaded titanium cylinder, formed out of two half-cylinders held together by a hexagonal screw cap. The interior of the chamber is 7 mm long and has a diameter of 2 mm. One end of the implant is screwed into the proximal tibia of a rat. At this end, there are two ingrowth openings measuring 0.75 mm2 each where bone tissue can grow in from the subcortical bone (Aspenberg 1993). A cancellous allograft is placed in the chamber and will remodel in vivo in a controlled fashion from one end of the implant to the other, which enables histomorphometric measurements of ingrowth distance and relative proportions of different tissues (Figure 9). In papers I and II, the bone conduction chamber was left in the rats for six weeks.

[image: ]
[image: ]Figure 8: Bone conduction chamber
The bone conduction chamber (BCC) consists of a threaded titanium cylinder, formed out of two half-cylinders held together by a hexagonal screw cap.
Figure 9: Remodelled graft in bone conduction chamber
The area of the new ingrown bone is measured by circumscribing it on a digitising table using the Videoplan™ equipment (Kontron Bildanalyse, Esching, Germany) equipment at 40x screen magnification. This area includes the new-formed marrow cavity within the graft and graft remnants that have been surrounded by new bone. The mean bone ingrowth distance (I) in each slide is calculated by dividing the new bone area (A) by the width (W) of the specimen.


Histomorphometry
The contents of the chambers were fixed in 4% formaldehyde, decalcified, dehydrated, and embedded in paraffin. They were cut parallel to the long axis of the chamber with a microtome and stained with haematoxylin and eosin. Three sections from the middle of the specimens, at a distance of 300 µm from each the other, were used for histological and histomorphometric analyses. All slides within each experiment were investigated in random order and in blind fashion. The area of the new ingrown bone was measured (Figure 9).
BV/TV (bone volume/total volume) was measured histomorphometrically using a Merz grid ocular with 36 crossing lines used for point counting. The middle of the remodelled part of each graft was measured from the bottom to the ingrowth frontier. The frequency of the point countings covering graft and newly formed bone tissue was recorded and expressed as a percentage of the total area measured (bone area/total area). These repeated 2D area measurements can be translated into a 3D volume value expressed as BV/TV (Merz and Schenk 1970), which would in turn be equivalent to bone density. Dead graft bone was distinguished from new living bone by evaluating matrix staining and the presence of osteocytes.
[bookmark: _Toc383351679]The tibial prosthesis
The tibial prosthesis consists of a titanium plate replacing the tibial surface and a 25-mm-long, conical-shaped unpolished stem (Figure 10). No cement is used for fixation, and stability is achieved through the impaction of allograft bone (Wang 2000). During surgery, the anterior cruciate ligament is retained, the menisci resected, the tibial articular surface abraded, and a hole is made in the centre of the tibial plateau. The bone marrow cavity is enlarged with a reamer and all cancellous bone is removed. A distal rubber plug is inserted into the marrow cavity and an impactor is used to compact the bone graft, which is placed in the tibial canal. The prosthesis is introduced and hammered down to achieve additional compaction of the graft and stability.
[image: ]Figure 10: Tibial prosthesis
The tibial prosthesis consists of a titanium plate replacing the tibial surface and a 25-mm-long, conical-shaped unpolished stem. The articular surface is convex in the sagittal plane and tilted posteriorly.


[bookmark: _Toc383351680]Evaluation
Micro-CT
Microcomputed tomography (micro-CT) is an X-ray examination to achieve high-spatial resolution images for 3D analysis originally constructed by Feldkamp et al. (Feldkamp 1989). The spatial resolution was about 60 µm; hence the name micro-CT. This makes it possible to visualise individual trabeculae and to analyse the trabecular network. Further development has led to even higher resolution and the possibility of examining connectivity and elasticity of bone (Genant and Jiang 2006).
Micro-CT was used for analysis of bone density in paper III. Two regions of interest were defined: firstly, the whole bone, and secondly, the intramedullary canal. The whole bone was defined to start at the most proximal image of the tibia and continued 800 images/25 mm distally to the end of the prosthesis. This included the metaphyseal, cortical, and allograft bone, and also non-bone tissue. Because of this, the same region of interest was used for all specimens and the results for the zoledronate group and zoledronate + BMP-7 group were therefor normalized to the saline-treated group. The intramedullary canal was defined to start at 300 images below the most proximal image, and to continue for 500 images distally. The region of interest was drawn manually inside the cortex. Bone volume fraction (BV/TV) was calculated from the regions of interest.
Histology
Using a diamond-edged precision saw, the bone was cut perpendicular to the tibia at 3-mm intervals. These specimens were fixed in 4% formalin, decalcified, dehydrated, and embedded in paraffin, and then sectioned using a microtome. The sections were stained with haematoxylin and eosin. Sections were examined at 3, 6, and 9 mm from the surface of the tibial plateau in random order and in blind fashion. The tissue surrounding the prosthesis was analysed by histomorphometric examination using a Merz grid ocular with 36 crossing lines. To evaluate the quality of the structure of the intramedullary bone surrounding the prosthesis, the formation of bone condensations around the prosthesis was categorized regarding the structural integrity of the bone facing the prosthesis and the presence of a fibrous layer at the interface.
[bookmark: _Toc383351681]

Clinical part 
[bookmark: _Toc383351682]Paper IV. Hip revision study with impaction grafting. Influence of clodronate on bone density and micromotion
The study in paper IV was designed as a single-centre, randomised, double-blind, placebo-controlled prospective study. Eligible participants were adults aged 45–85 years with aseptic loosening of the femoral component and osteolysis, who were planned for femoral revision with the allograft bone impaction technique using the Exeter stem and operative technique. Exclusion criteria were kidney disease (creatinine > 175 µmol/L), calcium disorders, rheumatoid arthritis, hyperpara-thyroidism, dental problems, earlier episode of iritis or uveitis, malignancy in the previous five years, any mental disorder including dementia, recent use of—or allergy to—bisphosphonates, skeletal disorders, and pregnancy. The study was conducted at Lund University Hospital, Lund, Sweden between 2008 and 2012 and 37 patients were randomised. The study was performed in accordance with the CONSORT statement (Moher 2010, Schulz 2010).
Randomisation and surgery
For allocation of the participants, closed numbered envelopes were prepared in blocks of 18. The scrub nurse, the surgeon, and the patient were all blinded to the result of the randomisation. The experimental solution was prepared by mixing 500 ml of saline (NaCl, 9 mg/ml) with either 10 ml of saline or 10 ml of clodronate at 60 mg/ml (Bayer AB, Solna, Sweden).
The revisions were performed by three experienced surgeons. All patients were operated on using a posterolateral approach. Allograft bone chips were prepared (Figure 11) and the chips were placed in 510 ml of experimental solution containing either plain saline (the placebo group) or saline with 600 mg of clodronate added (the treatment group). The bone chips were soaked in the experimental solution for a minimum of 10 minutes, then rinsed in 500 ml of saline and finally compressed in a cotton cloth before implantation. Allograft bone impaction into the femur was performed using the technique of Gie et al. (Gie 1993) and the Exeter X-change revision instrument system (Stryker, Kalamazoo, Michigan). This system has been used at our department for several years and has documented good results with long-term follow ups (Ornstein 2009, Zampelis 2011).



Figure 11: Preparation of allograft bone
[image: ][image: ]Fresh frozen femoral heads were thawed in 500 ml saline with 1 g gentamicin. Cartilage and sclerotic bone were removed with inverted reamers and the heads were morsellised into bone chips approximately 3–8 mm in size. The bone chips were irrigated with saline using a pulse lavage gun to remove fat and marrow. Then the bone chips were soaked in the experimental solution or saline solution for a minimum of 10 minutes, rinsed in 500 ml of saline and finally compressed in a cotton cloth before implantation.
[image: ][image: ]

[bookmark: _Toc383351683]Evaluation
DXA
A dual-energy X-ray absorptiometry (DXA) scan measures bone mineral density (BMD), defined as the integral mass of bone mineral per unit projected area. The fundamental physical principle behind DXA is measurement of the transmission of X-rays with high- and low-photon energies through the body/skeleton. 
The total projected area of bone is then derived by summing the pixels within the bone edges and the reported value of BMD calculated as the mean BMD over all the pixels identified as bone. Finally, bone mineral content (BMC) is derived by multiplying mean BMD by projected area (Blake and Fogelman 1997):
BMC = BMD × area
In paper IV, DXA was performed post-operatively and at 3 and 12 months. All scans were performed using the same GE Lunar Prodigy 600 VA fan-beam densitometer (GE Medical Systems, Madison, WI, USA). The patients were placed supine on the scanner with the legs extended and the foot of the operated side held in a neutral position by a positioning device. Scan acquisition was performed with the prosthesis centred in the scan field. The examinations were performed in the DXA laboratory at Lund University Hospital. The femoral regions of interest (ROIs) were defined by dividing the proximal femur into seven Gruen ROIs (Gruen 1979) according to the Lunar Prodigy software. The length of the stem was divided in three equal parts; the lateral boxes corresponded to regions 1–3 and the medial boxes to regions 5–7. Region 4 included the bone 2 cm distal to the tip of the stem. Region 7 was manually adjusted so as not to include any bone from the pelvis. Metal exclusion software was used, and in cases where metal wires or nets were used for reinforcement, these were manually excluded using the software paint facility. The radiopaque cement mantle was included in the analyses, since attempts to exclude it have been unreliable and changes in composition of the cement after implantation are very small (Wilkinson 2001).
It was desirable to obtain a net value from all 7 Gruen regions. To be able to include all, patients the material had to be corrected for missing data (e.g. due to nets covering one region). Correction was done using regression imputation (Bennett 2001).
RSA
Radiostereometric analysis (RSA) was developed in Lund and introduced in 1974 by Göran Selvik (Selvik 1974). It is a highly accurate, three-dimensional method of quantifying the motion of an implant relative to the host bone, and even relative to the cement mantle. To achieve the high accuracy of RSA, small metallic implants in the bone are used as distinct reference points. Normally Tantalum beads with a diameter of 0.8 or 1.0 mm are used as markers. 3–9 markers form a segment or a so-called rigid body. Ideally, a rigid body should be rigid. This is not the case, however, and the mean difference between markers in a rigid body in one examination compared to that in another examination is used to calculate the mean error of rigid body fitting. This is a measure of marker stability and the upper limit is proposed to be 0.35 mm. The distribution of markers within a segment, called the condition number, can be determined and the more spread of the markers in the x-, y-, and z-planes the better. A high condition number indicates poor marker distribution (Valstar 2005).
During radiographic examination, two simultaneous exposures are performed with an angle between the two X-ray tubes of about 40°. In the uniplanar technique used in hip examinations the X-ray tubes are located above the patient and a calibration cage is located beneath the patient. The two radiographs obtained are measured and the 2D position of each marker is registered. Using advanced mathematical calculations, 3D movements between segments can be calculated (Kärrholm 1989). One segment is used as reference and the displacement of a current segment is analysed. The rigid body has two fundamental modes of displacement: translation and rotation. This displacement or migration is reported as migration along and about the three cardinal axes x, y, and z (Figure 12) in an orthogonal coordinate system.
Figure 12: Directions of migration
The three cardinal axes x, y, and z in an orthogonal coordinate system. Migration is reported as migration along and about the three axes. The right side is considered as standard and for the left side the direction is changed for x-translation and y- and z-rotation.
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The precision is defined as the closeness of agreement between independent test results obtained under stipulated conditions. The precision of RSA is established by performing double examinations to establish repeatability. In the double examination the same patient is examined with the same method, in the same laboratory, with the same equipment and operator, within a 10-min interval. The assumption is that no real prosthetic movement has occurred, no bias has been introduced, and any measurable difference between the examinations is only random. The variance is defined as
∑(xi – x̄)2 / n
where xi – x is the difference between the two examinations. Usually variance is calculated with (n – 1) in the denominator. The reason for this is the loss of one degree of freedom in estimating the mean. Since the assumption is that any differences are random, the mean value is zero and need not be estimated. The standard deviation, SD, is the square root of the variance
√(∑(xi – x̄)2 / n)
The precision of the measurements can be described by multiplying the SD by the 97.5th percentile of the t-distribution having n degrees of freedom. The degrees of freedom are defined by the number of observations (t0.975n). 95% of the measurement errors can be expected to be lower than this product (Haugan 2012, Ranstam 2000).
In paper IV, nine tantalum markers with a diameter of 0.8 mm were inserted peroperatively into the greater and lesser trochanter, as scattered as possible. Markers were also placed in the cement, 3–4 in the distal part and 4–5 in the proximal part of the cement mantle. The femoral implants were mounted with tantalum markers by the manufacturer. One marker was fixed to the distal tip of the stem and one was fixed to the proximal shoulder. The femoral head served as the third marker. Thus, the intended segments were femoral implant, cement mantle, and femur as reference segment.
The reference examination was performed within one week of the operation, after weight bearing, and the follow-up examinations were done at 6 weeks and at 3, 12, and 24 months. The upper limit for exclusion of specific examinations was set at a condition number of 150 and a mean error of rigid body fitting of 0.35 mm. 
HOOS
HOOS is a patient-reported instrument for assessment of patient relevant outcomes about their hip and problems associated with the hip. It is intended for an adult population with hip disability. The HOOS consists of 40 items assessing 5 subscales: pain (10 items), other hip-related symptoms (5 items), function in activities of daily living (ADL, 17 items), function in sport and recreation (Sport/Rec, 4 items), and hip-related quality of life (QOL, 4 items). Standardised answer options are given and each question is scored from 0 to 4. Scores are summarized for each subscale and transformed to a 0–100 scale (worst to best). HOOS has been validated in Swedish and has a high responsiveness (high responsiveness indicates that fewer subjects would be needed to demonstrate a significant difference) (Klassbo 2003, Nilsdotter and Bremander 2011, Nilsdotter 2003).
EQ-5D
EQ-5D-3L is a standardised non-disease-specific instrument for describing and evaluating health-related quality of life. It was developed by the EuroQol Group and the five-dimensional format has been used since 1991. It is designed for self-completion by the respondent. The five dimensions are mobility, self-care, usual activities, pain/discomfort, and anxiety/depression. One of three levels is chosen for each dimension and the values for the five dimensions can be summarized in a health state. These health states can be converted to a single index value using (one of) the available EQ-5D-3L value sets where 0 = dead and 1 = full health. It is possible to achieve a negative value, a health condition that is considered worse than death. Respondents are also asked to mark their own current state of health on a thermometer-like scale calibrated from zero (worst imaginable health state) to 100 (best imaginable health state). The instrument has been validated and has high test-retest reliability (Brooks 1996).
[bookmark: _Toc383351684]Methodological considerations
[bookmark: _Toc383351685]Animals
The use of laboratory animals in medical experiments allows the performance of surgical interventions or drug treatment under relatively consistent conditions. The in vivo effect can be evaluated under standardised forms.
Unlike the human skeleton, the skeleton of the rat continues to grow throughout life, which might influence the results. In rabbits, the growth plates fuse at the time of sexual maturation and the species also has skeletal Haversian systems. In a way, this makes the model in one way more clinically relevant and closer to the situation in humans.
[bookmark: _Toc383351686]The bone conduction chamber
The chamber can be seen as an in vitro model in vivo. The chamber is an empty and closed volume into which tissue from the bone compartment can expand. One parameter at a time can be changed. The measurement error of new bone ingrowth into a graft in the bone conduction chamber, i.e. the intra-individual error with repeated measurements, has been reported to be 6% (Thorén 1994) and the inter-individual measurement error has been reported to be 8% (Tägil 2000). This makes the method reliable from a methodological and analytical point of view. In the present thesis, comparisons have been made both paired between the right and left leg of the same rat and unpaired between different rats. The mean difference in new bone ingrowth between the right and left legs has been reported to be 2% (Tägil 2000). There could be a variation of ingrowth between individual rats and between batches of rats. No such difference was found in a previous thesis (Tägil 2000), nor in the present work (control groups in papers I and II, n = 27, t-test).
[bookmark: _Toc383351687]The tibial prosthesis
The loaded tibial prosthesis model allows the study of bone graft remodelling close to a joint prosthesis. The bone graft, which is impacted into the tibial canal, is mechanically loaded by the prosthetic stem, in contrast to the bone chamber—in which the graft is basically mechanically unloaded. In contrast to the femoral bone bed in hip revisions, the bone and soft tissue surrounding the prosthesis in the rabbit model is not compromised. The stem of the prosthesis is unpolished but medium-rough with a surface roughness of 0.23 μm for the stem. The rabbit tibial prosthesis is further inserted uncemented, creating conditions for some degree of instability, in contrast to the cemented human revision. This might enhance the physiological processes related to graft remodelling and accelerate the course of events related to prosthetic loosening. The histology in paper III accordingly showed a mixed picture. In one rabbit, there could be a rigid structure with new bone formation even at the interface towards the prosthetic canal, almost indicating osseointegration of the stem. In another rabbit, there might be a highly disorganised fibrous structure where the stem was obviously loose. A new classification of the structure of the bone surrounding the prosthesis and the interface towards it was made. The reliability of the classification was assessed using the Kappa (κ) statistic. Κappa analysis involves adjusting the observed proportion of agreement in relation to the proportion of agreement expected by chance. A κ score of 1 indicates perfect agreement and a score of 0 indicates the agreement that would occur by chance. The criteria of Landis and Koch were used (Landis and Koch 1977). For structure, the inter-observer reliability was good (0.74) and the intra-observer reliability was also good (0.80). For interface, the inter-observer reliability was good (0.77) and the intra-observer reliability was also good (0.75).
Bone density in the intramedullary canal, described as bone volume/total volume (BV/TV), was investigated with both micro-CT and histomorphometry. According to micro-CT, mean BV/TV was 23% (n = 19, range 17–30%), and according to histomorphometry, mean BV/TV was 52% (n = 19, range 42–62%). Histomorphometry was done in the proximal part of the tibia (3–9 mm from the plateau) and adjacent to the prosthesis where load was transferred. The intramedullary canal as defined in micro-CT examinations started approximately 9 mm from the most proximal image, i.e. distal to the region investigated by histomorphometry, and included a larger area, partly more distant from the prosthesis. This can to a large part explain the differences between the methods in measured BV/TV.
[bookmark: _Toc383351688]DXA
The examinations were performed in the DXA laboratory at Lund University Hospital. Three experienced operators performed the examinations. During the study period, their precision error of measurement was investigated with double examinations and was expressed as the coefficient of variation (CV), in per cent. The CV was found to be 1.0% for the total hip. No double examinations were performed in the study cohort. All DXA analyses were performed in blind fashion by the same person. To determine the precision of the measurement analyses, 15 measurements were re-analysed on a different occasion. The precision error was calculated as the standard deviation divided by the mean error times 100 (Cohen and Rushton 1995), and is presented in Table 5. Wires and nets most commonly occurred in region 7, where it was also most difficult to differentiate bone from surrounding tissue. This is reflected in the higher precision error in this region as compared to the other Gruen regions.
Table 5
Precision error of measurement analyses in the 7 Gruen regions expressed as the coefficient of variation in per cent.
	Gruen Region
	PE of analyses, % CV

	1
	1.2

	2
	2.2

	3
	1.47

	4
	1.1

	5
	2.1

	6
	2.7

	7
	4.9


[bookmark: _Toc383351689]RSA
RSA is considered the gold standard in assessing micromotion of an orthopaedic implant. The precision of the RSA measurements, measured with 95% significance limits for migration, was assessed after 8 double examinations at different time points (Table 6). All investigations were performed in the same RSA laboratory at Lund University Hospital. One potential source of error that might be of special importance in impaction grafting is when the index investigation is performed. During the initial week of weight bearing, additional impaction of the graft occurs, and Ornstein et al. found a mean subsidence of 0.8 mm (n = 6, range 0.4–2.1 mm) between a postoperative examination before mobilisation and a second examination after one week with full weight bearing (Ornstein 2000). The patients in paper IV had their index examination within the first week and after weight bearing. It would have been desirable if they had all had their index examination on the same postoperative day. However, hip revision is a major surgical intervention, associated with strong postoperative pain. The patients are mostly old and there is great variation in postoperative rehabilitation. Too soon after surgery, it can be difficult to obtain an optimal positioning of the patient for the RSA examination. Randomisation and blinding are ways of preventing bias and differences between groups.


Table 6
Precision of RSA after duplicate measurements, with 95% significance limits.
	Precision of RSA
	Translation (mm)
	Rotation (degrees)

	x-axis
	0.16
	0.40

	y-axis
	0.16
	0.47

	z-axis
	0.37
	0.10


[bookmark: _Toc383351690]EQ-5D
The EQ-5D-3L instrument is easy to administer and is used by the Swedish Hip Arthroplasty Register. It is, however, associated with some shortcomings. The score calculated represents how healthy, working tax-payers perceive their state of health and is associated with certain limitations. This may not accurately reflect how an older person with a dysfunctional hip experiences his/her situation. The distribution of the score is binominal in most material, which makes it difficult to perform meaningful comparisons between groups (Ranstam 2011). The levels in each of the five dimensions represent no problems, some problems, and extreme problems—which gives a high probability of skewed results. In spite of this, it is possible to compare the distribution within each dimension between groups.
[bookmark: _Toc383351691]Statistics
The groups in all four studies were relatively small. This means that there was a risk of type 2 error, i.e. of not finding a difference between groups even though there was a difference. This can be considered a minor problem, since we were only interested in finding a treatment with a strong positive effect in order for it to be clinically relevant. The small groups could also be a reason for using non-parametric tests, as we did in papers I and II. However, parametric tests allow the use of confidence intervals for differences, which is preferable to plain p-values (Ranstam 2012). The Welch U-test is a robust parametric test that can be used even with unequal variances (Skovlund and Fenstad 2001). It was used in papers III and IV when normal distribution could be assumed.
Apart from a type 2 error, there was also a risk of type 1 error, i.e. of finding a difference that was not a real difference. This risk increases with multiple comparisons. Papers I–III were of a more experimental nature, and the findings were not directly applicable to clinical practice. Thus, more comparisons were performed in these papers. However, paper IV was a clinical study of confirmatory nature and type 1 error had to be avoided. A significant result may have led to a change in treatment procedure for allograft bone impaction. We therefore defined y-translation (subsidence) as our primary effect variable and tried to limit the number of secondary comparisons.




[bookmark: _Toc383351692]Results and discussion
[bookmark: _Toc383351693]BMPs and allograft bone
Morsellised allograft is used in hip revision with bone loss because large defects can be filled. The formation of new bone in the dead graft comes from the living bone of the femur adjacent to the impacted allograft. This bone is often of inferior quality, due to chronic inflammation as part of the loosening process—and can be due to multiple revisions. The idea of adding a bone anabolic drug such as BMPs to an allograft to boost new bone formation is not new (Kärrholm 2006, McGee 2004, Søballe 2004, Tägil 2003). However, the results of experimental studies and clinical studies have been disappointing, both regarding bone formation and implant stability. One could speculate that this might be due to a BMP-induced increase in bone resorption. Several BMPs have been shown to induce osteoclastic activity or osteoclast formation (Paul 2009, Toth 2009, Zheng 2012), which led us to the idea of combining an anabolic drug such as BMP-7 with an anti-resorptive bisphosphonate as local additive to an allograft, as evaluated in this thesis. 
[bookmark: _Toc383351694]Effects of BMP on bone in the bone conduction chamber
BMP-7 is a potent osteoinductive protein that increases the ingrowth of new bone into an allograft in the bone conduction chamber. In paper I, BMP-7 in combination with locally administered zoledronate increased the bone ingrowth distance compared to controls, from 2.3 mm to 3.5 mm. This effect size was in line with previous studies (Harding 2008, Jeppsson 2003, Tägil 2000). In the latter, local BMP-7 administered peroperatively was combined with systemic zoledronate, administered two weeks after operation. A synergistic effect on bone ingrowth was found, although there was no significant difference compared to systemic zoledronate alone (Harding 2008). Thus, the combination of BMP with zoledronate, applied either locally as in paper I or systemically as in the previous study (Harding 2008), appears to be effective and the net bone volume increased dramatically compared to control.
In paper I, the difference in bone ingrowth with BMP-7 alone did not reach statistical significance (Table 7), but it has been effective in previous studies with metaphyseal bone grafts similar to the ones used in the experiment in paper I (Harding 2008, Jeppsson 2003). The effect of BMP-7 on impacted grafts, increasing the bone volume fraction of the individual bone pellet from approximately 35% to 60%, has also been studied in the bone conduction chamber (Tägil 2000). When the grafts in the chamber were impacted, there was a reduction in bone ingrowth, probably—at least in part—due to the reduced porosity blocking the ingrowth of new bone. When BMP-7 was added to the graft, the reduced ingrowth seen in the impacted graft was reversed and the ingrowth distance was found to be even greater than in un-impacted grafts (Tägil 2000). In paper I, the distance of ingrowth of new bone into the graft was increased by BMP-7 when it was combined with zoledronate in the bone conduction chamber, even more than by BMP-7 alone. In the chamber model, bone density was similar in grafts treated with BMP-7 and in grafts that were not treated with BMP-7. 
Table 7
Results of studies using bone chambers (papers I and II)
	Paper
	Group
	Median ingrowth distance,
mm (range)
	BV/TV, % (range)

	I
	Saline
	2.6 (1.5–4.4)
	16 (10–40)

	I
	Zoledronate
	2.3 (1.0–3.5)
	56 (37–68)

	I
	BMP-7
	3.0 (1.9–4.4)
	14 (2–54)

	I
	BMP-7 + Zoledronate
	3.5 (2.4–5.8)
	50 (40–57)

	II
	Saline
	2.5 (1.5–4.1)
	11 (4–47)

	II
	Short soaking time ZA
	2.0 (0.9–3.6)
	60 (42–74)

	II
	Long soaking time ZA
	1.6 (0.8–2.1)
	61 (53–68)

	II
	Topical ZA
	2.2 (0.8–3.2)
	54 (40–65)

	II
	Systemic ZA injection
	2.5 (1.4–3.7)
	41 (30–57)


[bookmark: _Toc383351695]Bisphosphonates and allograft bone
When using allograft in hip revision, the formation of new bone is accompanied by resorption of dead allograft bone and resorption of new-formed living bone. Premature resorption due to instability, stress shielding, or inflammation before sufficient bone has formed could lead to instability and subsequent loosening. Bisphosphonates are strong anti-resorptive drugs that can improve the resistance of an allograft to mechanical load (Tägil 2004). Locally administered bisphosphonate has been shown to remain highly localized (McKenzie 2011) and thus to exert its effect where it is most desirable. Other advantages of local application are lower risk of systemic side effects and no need for drug compliance by the patients. The effect of locally applied bisphosphonate on allograft bone, concentrating especially on the administration technique, was evaluated in this thesis.
[bookmark: _Toc383351696]Effects of bisphosphonates on bone resorption
Local treatment of allograft bone with a bisphosphonate in the bone chamber leads to a substantial increase in bone density. In papers I and II, the bone density in the zoledronate-treated groups was about three to five times as high as in the saline controls (Table 7), a difference that was clear to the naked eye. The bone density after local treatment was statistically significantly better than with systemic treatment.
The chamber is a mechanical environment that is almost completely stress-shielded, with a massive drive for the osteoclasts to resorb bone. According to the theory of Wolff, bone adapts to the amount and direction of the load it is exposed to. The trabecular bone architecture follows the stress trajectories generated from external loads (Barak 2011, Wolff 1892). Adaptation of bone to load is seen also in THA, where reduced bone density can be seen in proximal, usually stress-shielded areas of the femur after insertion of a stem that transfers the load to more distal areas (Cohen and Rushton 1995, Nysted 2011). Since the resorptive drive is high in the stress-shielded chamber, the effect of an anti-resorptive drug can be expected to be prominent, as in the case of zoledronate in this thesis. The effect in a non-stress-shielded environment, as in the bone or bone graft around a joint prosthesis, may be less—as shown for the rabbit prosthesis (paper III) and in the human study (paper IV).
[bookmark: _Toc383351697]Effects of bisphosphonates on bone formation
In bone remodelling, the osteoclasts are important both as the principal cell in bone resorption and also as a mediator of signals for new bone formation (Matsuo and Irie 2008, Seeman and Delmas 2006). At high doses, and especially with local treatment, inhibition of osteoclasts by bisphosphonates reduces bone ingrowth in the bone conduction chamber (paper II) and might also reduce new bone formation in humans. The results from paper II show that allograft, soaked in zoledronate for 10 minutes, showed a reduction in ingrowth distance that was statistically significant both relative to saline controls and to experimental animals treated with systemic zoledronate injections.
The negative effect of bisphosphonates on bone formation appears to be dose-dependent. Systemic treatment with bisphosphonate in previous experiments has resulted in a small—but not statistically significant—increase in bone ingrowth in the bone conduction chamber (Astrand and Aspenberg 2002, Harding 2008). In a canine model, a low dose of zoledronate was found to result in an increase in bone ingrowth, while a high dose had the opposite effect (Jakobsen 2010). In another study on bone induction, BMP-7 was combined with pamidronate at different concentrations in intramuscularly implanted polymer pellets. A low dose of pamidronate given locally increased the new-formed bone volume relative to BMP-7 alone, while a high dose given locally reduced bone volume significantly (Yu 2010). Also in another study, high doses of bisphosphonates were found to be toxic to osteoblasts (Idris 2008, Orriss 2009). In the study by Yu et al., systemic treatment did not have the same negative effect on bone volume as local treatment. The risk of an excessively high, toxic concentration is higher with local bisphosphonate treatment than with systemic treatment, and excessively high concentrations should be avoided.
[bookmark: _Toc383351698]Allograft bone in a loaded prosthesis model
Since the bone chamber model relies on the graft remodelling taking place in an almost stress-shielded environment, we then tried the combination in a more clinically relevant loaded prosthesis model (Wang 2000).
In a previous study with the loaded tibial prosthesis model, BMP-7 alone was not found to improve the bone volume in a morsellised bone graft surrounding the prosthesis (Tägil 2003). In paper III, we investigated whether controlling bone graft catabolism by zoledronate as local adjunct would be sufficient to increase the bone density of the graft after remodelling (Tägil 2000) and whether a bone anabolic like BMP-7 in combination with zoledronate would be even better. In the tibial prosthesis model, the load is transferred to the impacted allograft bone, which is remodelled or incorporated into the new-forming bone rather than resorbed. The effect of the bisphosphonate treatment is thus less prominent in the tibial prosthesis model than in the chamber model, and the differences between the treated groups and the control were less and somewhat divergent, depending on the method of analysis (Table 8). According to micro-CT, bone density was higher after zoledronate treatment than in the controls when the results from both treatment groups were pooled. For BMP-7 + zoledronate, no statistically significant differences regarding bone density were found, but there tended to be more bone than in the controls as measured by micro-CT. According to histomorphometry, the trend was towards less bone in the BMP-7- + zoledronate- treated group, especially regarding new living bone (Table 8). This was reflected by the finding that the structure of the bone surrounding the prosthesis was compromised in the BMP-7 + zoledronate group (Table 9). Our experimental model was not a revision model, but rather allowed the study of bone graft remodelling close to a joint prosthesis. The prosthesis was inserted uncemented, which enhances physiological processes related to prosthetic instability. In a dog model, Søballe et al. found a negative effect of BMP-7 on ingrowth of bone into allograft in a primary setting, and a slight positive effect in a revision setting with impaired healing conditions (Søballe 2004).
Table 8
Results from micro-CT and histomorphometry expressed as mean (SD) at 6 weeks. The results for total bone, dead graft bone, and new living bone are from the histological examination.
	Zoledronate
vs. control
	Zoledronate
n = 7
BV/TV, % (SD)
	Control
n = 7
BV/TV, % (SD)
	Difference (95% CI)
	p-value

	IMCa (micro-CT)
Total bone
Dead graft bone
New living bone
	24.4 (4.25)
52 (5.4)
34 (8.3)
17 (5.0)
	20.7 (2.59)
54 (5.1)
33 (7.7)
21 (10.8)
	3.7 (-0.5 to 7.9)
-2.5 (-8.6 to 3.7)
1.6 (-7.7 to 10.9)
-4.1 (-14.4 to 6.2)
	0.08
0.40
0.71
0.39

	Zoledronate +
BMP-7
 vs. control
	Zoledronate +
BMP-7, n = 5
BV/TV, % (SD)
	Control
n = 7
BV/TV, % (SD)
	Difference (95% CI)
	p-value

	IMCa (micro-CT)
Total bone
Dead graft bone
New living bone
	24.2 (3.82)
50 (2.1)
39 (3.8)
12 (4.7)
	20.7 (2.59)
54 (5.1)
33 (7.7)
21 (10.8)
	3.5 (-1.2 to 8.2)
3.6 (-8.5 to 1.2)
5.9 (-1.7 to13.5)
-9.5 (-20.0 to 1.0)
	0.12
0.13
0.11
0.07


aIMC, intramedullary canal
Table 9
Results from histological categorization in paper III, analysed by Fisher’s exact test. The difference in structure was significant when comparing the control group and the BMP-7 + zoledronate group (p = 0.019). The difference in interface was not significant.
	Group
	Structure
	
	Interface
	

	Category
	Good
	Inter-
mediate
	Bad
	p-value relative to control
	Good
	Inter-
mediate
	Bad
	p-value relative to control

	Control, n = 7
	5
	2
	0
	-
	3
	2
	2
	-

	Zoledronate,
n = 7
	1
	5
	1
	0.103
	2
	4
	1
	0.650

	Zoledronate + BMP-7,  n = 5
	0
	2
	3
	0.019
	0
	2
	3
	0.356





Ingrowth of new bone into the allograft is desirable. Ingrowth of bone will provide  long-lasting rigid fixation and reduce the risk of instability associated with aseptic loosening (Aspenberg and Van der Vis 1998). In paper III, there was a positive correlation between the amount of new-formed bone and the structural integrity of the tissue surrounding the prosthesis. The purpose of using BMP as an additive to allograft bone was to induce new bone formation and speed up the integration, and perhaps improve the long-term results. Since this was not shown, either in the loaded tibial prosthesis model or in the clinical hip revision study by Kärrholm et al. (Kärrholm 2006), there are no obvious advantages in using BMP-7 in the setting of hip revision with allograft bone impaction. However, the idea of an anabolic stimulus to accelerate bone ingrowth into the allograft is appealing. Another anabolic drug that has been suggested to be used is parathyroid hormone (PTH). Animal experiments with bone grafting have been promising, with an increase in new bone formation in the bone conduction chamber model (Skripitz 2000) and in a canine model with bone impaction around an implant (Daugaard 2011). Other bone anabolic drugs are being developed, primarily for treatment of osteoporosis (Tella and Gallagher 2013), which may be tested in the future.
[bookmark: _Toc383351699]Results from the hip revision study
In paper IV, we hypothesized that the bisphosphonate clodronate would improve the bone density in impacted and morsellised bone graft in hip revision, as previously shown (Kesteris and Aspenberg 2006), and also—as a consequence of the increased density—reduce the micromotion of the implant as measured by RSA.
Thirty patients were followed for one year and underwent their examinations per protocol, 12 in the treatment group and 18 in the control group (Figure 13). The results from DXA measurements revealed an increase in bone density in the proximal Gruen regions and a decrease around the distal part of the stem (Figure 14). Differences were similar between groups. We were therefore unable to repeat the results of Kesteris, and found no increase in bone density—in spite of the fact that we used the same drug, a similar mixing procedure, and similar operative technique. There were some differences in the analysis between the two studies. In paper IV, the bone density was analysed in all 7 Gruen regions. Kesteris analysed only one region, corresponding to Gruen region 4, where a decrease in density was found in the controls but an increase in the treated group was found relative to postoperative values. In paper IV, the bone density in region 4 decreased in both groups. Furthermore, the groups in our study were larger than in the Kesteris study but the patients were followed less frequently and for a shorter time.
[image: ]
Figure 13: CONSORTflow diagram
A CONSORT flow diagram depicting patient recruitment, randomization, patient flow, and follow-up in paper IV.


[image: ]
Figure 14: Results from DXA
DXA results for control and clodronate at the 7 different Gruen regions. Data are expressed as mean difference (g/cm2) from postoperative examination with SEM, after 3 and 12 months.


According to RSA, all stems subsided during the first year. Almost all subsidence occurred between stem and cement (mean y-translation: 2.4 mm, n = 15) and a negligible proportion between cement and femur (mean y-translation: 0.04 mm). Subsidence was moderate, both in the clodronate group (2.6 mm) and in the controls (2.3 mm, p = 0.60). Mean retroversion after one year was 3.1 degrees for the clodronate group and 2.8 degrees for the control group (p = 0.73). Translation and rotation in the x- and z-planes were also similar between groups (Table 10). There was a moderately strong, positive correlation between subsidence and retroversion (r = 0.80, p < 0.001). The prosthetic subsidence was similar in the present study compared to previous RSA studies of impaction grafting (Table 2).
Table 10
Results from RSA measurements at 1 year. Values are given as means with Standard Deviation.
	RSA
	Clodronate
n=11
Mean (SD)
	Control
n=17
Mean (SD)
	Difference
Mean
(95% CI)
	p-value

	y-translation (mm)
	-2.6 (1.6)¥
	-2.3 (1.0)*
	-0.3 (-1.4 to 0.8)
	0.60

	x- translation (mm)
	0.0 (0.3)
	0.1 (0.3)
	
	

	z- translation (mm)
	-0.2 (0.6)
	-0.4 (0.6)
	
	

	y-rotation (°)
	3.1 (2.3)
	2.8 (2.1)
	0.3 (-1.5 to 2.1)
	0.73

	x- rotation (°)
	-0.4 (0.6)
	-0.3 (0.4)
	
	

	z- rotation (°)
	-0.1 (0.6)
	-0.1 (0.8)
	
	


¥ n=12 * n=18

There is known to be a strong correlation between subsidence at one year and long-term subsidence (Wraighte and Howard 2008). To our knowledge, ours is the first RSA study in hip revision with bone impaction using a tapered, polished stem to report values on retroversion. Mean retroversion is higher compared to reported values in primary arthroplasties using the Exeter stem (Nieuwenhuijse 2012, Stefansdottir 2004) just as subsidence in the revisions is more pronounced. The peroperatively achieved anteversion of the stem and the initial retroversion has been shown to be predictive of aseptic loosening (Kiernan 2013, Kärrholm 1994). The long-term results of revision with bone impaction are good (Ornstein 2009). Subsidence appears to stabilize over the years (Zampelis 2011) and one could speculate that, within limits, the same applies to retroversion.
There were no significant differences regarding prosthetic micromotion between the groups, as measured by RSA, probably due to the lack of effect of the chosen bisphosphonate, clodronate, on bone density. The variation in subsidence among the patients was substantial. There was one outlier in the clodronate group: an active farm-worker weighing 120 kg who showed excessive radiographic subsidence and retroversion. This illustrates the impact of patient related factors on the outcome, at least in small series like this, whereas any effect of the bisphosphonate was minimal. One should be aware of the fact that revision surgery is technically demanding and the prerequisites perhaps vary more between patients in a revision cohort than in primary arthroplasties.
The preclinical experiments were performed using the bisphosphonate zoledronate, which has a high affinity for bone and strong anti-resorptive properties. In the clinical study we chose to use the bisphosphonate clodronate, which has weaker bone affinity and weaker anti-resorptive properties (Russell 2007). Clodronate was chosen mainly because it was used in the study by Kesteris and had a statistically significant effect on bone density according to DXA (Kesteris and Aspenberg 2006), but also because the side effects are less pronounced than those of the newer generation of nitrogen-containing bisphosphonates. Hip revision with impaction grafting is a major surgical intervention, and the patients are mostly frail and elderly. Flu-like symptoms, fever, or arthralgia are common after intravenous administration of zoledronate (Black 2007, Major 2001) and are perhaps best avoided in this patient group. 
Local treatment is a way of reducing but not eliminating the risk of systemic side effects. By soaking the graft in the bisphosphonate solution, all of the graft is treated at once, as the bisphosphonate binds strongly to the graft bone. The uncertainty of systemic treatment reaching the remodelling graft via the re-establishing vasculature becomes less important. Furthermore, the risk of systemic side effects appears to be less and the method of rinsing the graft in saline solution to remove all the unbound bisphosphonate reduces the risk even further.
The absence of any effect on the bone density in the present study was surprising. One could speculate that, a stronger anti-resorptive effect might have been achieved with a modern bisphosphonate, giving a measurable increase in bone density. A recent study has shown promising results with zoledronate in a canine model (Sorensen 2013). The affinity to bone is about ten times higher for zoledronate than for clodronate (Leu 2006, Nancollas 2006). As shown in paper II, rinsing of the graft after zoledronate treatment has a very limited effect. However, because of the lower binding affinity of clodronate, the effect of rinsing can be higher (Leu 2006)—and in the clinical study, the grafts were rinsed after clodronate application. Desorption from the graft is higher for clodronate than for zoledronate, and the re-attachment after desorption is lower (Figure 15). During inhibition of osteoclasts, clodronate is metabolized and zoledronate is not metabolized but instead inhibits protein prenylation in the osteoclast (Russell 2006). All these features combine to give the higher anti-resorptive effect of zoledronate relative to clodronate.
[image: ]Figure 15: Bisphosphonates and their affinity to bone
Differences in interaction of bisphosphonates with bone, depending on the binding affinity. Adapted from Nancollas 06 and reprinted with permission from Elsevier publications.



The stability of the prosthesis is not solely limited to the density of the allograft bone. Ingrowth of bone and fibrous tissue into the graft is important in stabilizing the construct (Tägil and Aspenberg 2001), especially under conditions of shear. As discussed above, concerns have been raised concerning bisphosphonates and the risk of a local toxic effect and a reduced bone formation. Thus, a more potent bisphosphonate could lead to an increase in bone density and yet a decrease in the stability of the prosthesis. The optimal drug and the optimal concentration to be used require careful evaluation.
Allograft bone can be mixed with bone graft substitute (Arts 2005, Howie 2011, Oonishi 1997, Whitehouse 2013) to reduce the need for allograft bone and minimise the risk of transmission of infectious diseases. Bone graft substitutes by themselves could also be combined with either systemic or local bisphosphonate treatment and be used for delivery of drugs (Li 2013).
The clinical results of revision surgery using the bone impaction technique are excellent. We found a marked increase in both hip function and non-disease-specific quality of life. The preoperative HOOS values indicated pain from the hip and very low values regarding quality of life. After one year, the HOOS values had improved significantly in all five subscales (p < 0.001). Preoperatively, median EQ-5D was 0.44 (range -0.02 to 0.85) with 5 of 30 patients reporting values resulting in a negative score. After one year, median EQ-5D was 0.80 (range 0.02–1.0), which must be considered excellent. The self-reported health state improved from median 60 to 80 one year after the operation (p < 0.01). Pain reported on the visual analogue scale (VAS) was median 53 (n = 30, range 29–75) before operation and 10 (n = 26, range 0–59) one year after (p < 0.001). The results were similar for both groups. The clinical outcome in terms of quality of life after hip revision with bone impaction is generally good, and has been shown previously to be comparable to the outcome after a primary cemented hip arthroplasty (Atroshi 2004). 
[bookmark: _Toc383351700]Is allograft bone osteoinductive?
Allograft bone is often referred to as osteoconductive but not osteoinductive (Delloye 2007). In the article by Urist, osteoinduction was defined as the ability to induce bone formation in a heterotopic, extraskeletal region, so-called autoinduction (Urist 1965). An example of this in revision arthroplasties would be the heterotopic bone formation, which is a complication probably caused by autologous bone (with BMPs) from the reaming, left behind in the muscle or the soft tissue around the hip. The new bone formation surrounding a prosthesis should rather be called orthotopic bone formation than autoinduction according to Urist definition. In the femur, the remodelling of the morsellised graft occurs within a bony compartment adjacent to host bone. Orthotopic bone formation can always—to some degree—occur by osteoconduction or induction originating from growth factors emitted from the host bone. It is thus difficult to determine whether the new bone formation in impaction grafting is due to autoinduction, osteoconduction, or growth factor induction from host bone.
Urist found that demineralised bone matrix can initiate bone formation de novo in a heterotopic region. It was later established that this was due to the extracellular matrix containing BMPs where BMP-2, 4, 5, 6, and 7 all have osteoinductive capacity (Chen 2012). These proteins are also present in allograft bone, but they are expressed less since they are covered in mineral. Impaction and microfractures lead to release of BMPs (Board 2008), and osteoclastic resorption of bone probably also leads to secretion of bone-inductive signals (Henriksen 2009, Karsdal 2008). If the allograft is deproteinized, bone ingrowth will be reduced, as shown in a bone conduction chamber study (Aspenberg 1996). Thus, allograft bone has some osteoinductive properties that are (to some extent) mediated by mature osteoclasts (Henriksen 2012). Inhibition of osteoclasts may reduce new bone formation, as in paper II.
[bookmark: _Toc383351701]Conclusions
1. The combination of zoledronate and BMP-7 in the bone conduction chamber led to both an increase in bone ingrowth and to an increase in bone density, compared to saline (paper I). In the prosthesis model, the effect was small and the structural integrity of the bone adjacent to the prosthesis was compromised (paper III).

2. Local application of zoledronate to allograft bone was effective in reducing bone resorption, but had a slightly negative effect on bone formation compared to saline control or systemic treatment (paper II). Local application of clodronate in human hip revision was not efficient (paper IV).

3. Soaking of a cancellous allograft in zoledronate solution is very effective in achieving a strong effect, even with subsequent rinsing. We found minor differences between a short soaking time and a long one (paper II).

4. Clodronate did not improve bone density or reduce micromotion in human hip revisions with impaction bone grafting (paper IV).




[bookmark: _Toc383351702]Summary
The clinical success of the primary hip replacement is paramount. The number of primary hip arthroplasties in Sweden in 2012 was around 16,000. Still, some prostheses loosen and require a new operation, which is called a revision. The old implant is removed and replaced with a new implant. The need for revisions will continue to increase, both due to increased life expectancy in general and to the higher number of hip replacements. In Sweden, the number of hip revisions exceeded 2,300 in 2012. A revision is usually more difficult than the primary operation. Some of the bone surrounding the loosening prosthesis is lost during the loosening process, and the conditions for firm attachment of the new implant are impaired. One solution for the problem of bone loss is to transplant bone. During primary hip surgeries, the femoral head can be saved and stored for later use in other patients. During revision surgery, the frozen femoral head bone from other patients (allograft) is milled into 3- to 8-mm pieces of bone graft, washed, and impacted in the femoral canal to form a new canal into which a new implant can be fixed with bone cement.
Bone is mainly composed of mineral (about 65%), so the transplanted bone graft contributes to mechanical stability. Being allograft bone taken from the freezer, the transplanted bone graft does not contain any living cells. It will, however, trigger an inflammatory response and the ingrowth of fibrous tissue and blood vessels. Osteoclasts invade the dead bone from the living host bone and the graft bone is resorbed and degraded. The graft bone will eventually be replaced with new living bone, at least partially.
Osteoclasts are cells that are specialized in resorbing bone. The resorption can be inhibited with a class of drugs called bisphosphonates. In the human body, bisphosphonates are strongly attached to bone but can be released when osteoclasts resorb bone. Bisphosphonates are then absorbed by the osteoclast, which is poisoned and goes into programmed cell death (apoptosis). Bisphosphonates have been long used in the treatment of osteoporosis. Another bone-active drug is BMP-7, which has been shown to induce the formation of bone.
Our first hypothesis was that resorption of the transplanted bone that happens too rapidly may reduce the stability and result in re-loosening of the implant, and that this would be inhibited by local treatment of the graft with a bisphosphonate. Our second hypothesis was that by adding BMP-7 to the bisphosphonate, new bone formation would also be stimulated, leading to an increase in stability. The advantages of local peroperative treatment of the transplanted graft bone would be immediate and even administration to all the graft and lower the risk of systemic side effects.
In papers I and II, the synergistic effects of the bisphosphonate zoledronate and BMP-7 were investigated.  A bone graft was soaked in the two drugs and placed in a so-called bone conduction chamber in the rat.  Bone from the tibia of the rat will grow in from the bottom of the chamber into the graft, and bone formation and resorption is easily analysed. We found a strong anti-resorptive effect of the bisphosphonate used (zoledronate), increased bone formation after addition of BMP-7, and a clear synergistic effect when both drugs were combined. Local treatment with the bisphosphonate was efficient but also had a tendency to inhibit bone formation.
In paper III, the same drugs as in paper I were evaluated but in a more clinically relevant rabbit prosthetic model. A knee prosthesis was inserted into the tibia, which had been filled with impacted, morsellised bone graft soaked in BMP and/or bisphosphonate. Micro-CT showed an increase in bone density after zoledronate treatment compared to saline controls, but in a histological analysis the bone surrounding the prosthesis had a more unstable structure when zoledronate was combined with BMP-7.
In paper IV, we hypothesized that bisphosphonate treatment, and thereby increased density of the remodelling allograft around the revised prosthesis, would also result in reduced micromotion of the prosthesis, i.e. greater stability. Thirty patients were followed for a year. Their femoral hip implants were revised with the impaction bone grafting technique, and they were randomised to have the bone graft soaked in either bisphosphonate (clodronate) or saline.
DXA scans are used to measure bone density; these were performed postoperatively, after 3 months, and after 12 months. The density of the host and graft bone around the femoral implant was measured to evaluate the effect of the study drug.
Radiostereometry is a method in which tantalum beads are implanted in the host bone during surgery. Using mathematical rigid body models, even small motion of the implant relative to the femur can be registered with high precision. Measurements were performed postoperatively and after 6 weeks, 3 months, and 12 months. Bone density and implant motion were similar in both groups and no significant differences were found. We believe that the biological effect of a locally applied bisphosphonate is small, at least with clodronate. However, the clinical success of the bone impaction method could be repeated. Before the operation, the patients had pain from the hip, reduced walking capacity, and reduced quality of life. According to standardised clinical scores, all of these parameters had improved one year after the operation.
[bookmark: _Toc383351703]Sammanfattning på svenska
Resultatet efter en höftprotesoperation är otvetydigt gott med smärtfrihet och god funktion ofta livet ut hos de flesta. 2012 opererades i Sverige cirka 16000 patienter med höftprotes och siffran stiger. 3-4% av patienterna drabbas av en proteslossning under de första tio åren och behöver opereras om, en så kallad revision. Den gamla protesen avlägsnas då och ersätts med en ny. På grund av det ökande antalet insatta höftproteser och en ökad livslängd i allmänhet, kommer behovet av revisioner öka och årligen görs idag över 2000 höftrevisioner i Sverige. En revision är ofta en svårare operation än den första operationen. En del av benvävnaden som omger protesen kan ha försvunnit under lossningsprocessen och håligheter kan ha bildats. Förutsättningarna för en bra fixation av det nya implantatet mot benvävnaden har då försämrats. En metod att hantera detta problem är att transplantera ben. Håligheten fylls då ut med ben som man sparat från andra patienters höftprotesoperationer i samband med den första höftprotesoperationen då ju lårbenshuvudet sågas av. Rutinmässigt sparar och lagrar vi detta för senare användning hos andra patienter. Under själva protesutbytes-operationen mals lårbenshuvudet i 3-8 mm stora benbitar som tvättas och packas med hammare in i märghålan. De bildar där en ny kanal där den nya protesen kan fästas mot benvävnaden med bencement. Långsamt omvandlas det transplanterade benet till nytt levande ben.
Ben består till ungefär 2/3 av calcium och 1/3 protein, huvudsakligen kollagen. Levande som dött har det ungefär samma mekaniska egenskaper. Det transplanterade benet gör att protesen omedelbart efter operationen kan vila på en relativt stabil yta. Det transplanterade benet är ju dött efter att förvarats djupfryst under månader och innehåller inte några levande celler. Bentransplantatet kommer att utlösa en inflammatorisk reaktion och en inväxt av blodkärl och bindväv. 
Osteoklaster är celler som bryter ner ben. Dessa invaderar det döda bentransplantatet med blodkärlen som växer in och börjar bryta ner det transplanterade benet som så småningom åtminstone delvis ersättas med nytt levande ben. Osteoklaster kan hämmas med ett läkemedel som kallas bisfosfonater och som vanligtvis används vid behandling av benskörhet. I den mänskliga kroppen binds bisfosfonater väldigt starkt till ben men frigörs när osteoklaster resorberar benet. Bisfosfonaterna tas då upp av osteoklasterna som förgiftas och dör. Benresorptionen har fördröjts. Ett annat benaktivt läkemedel är BMP-7 som är ett kroppseget protein som har visat sig kraftfullt kunna stimulera benbildning. BMP används vid svårläkta frakturer.
Vår första hypotes i det här avhandlingsarbetet var att en alltför snabb nedbrytning av det transplanterade benet kan försämra stabiliteten kring den nya protesen och leda till en ny lossning. Vår tanke var att vi skulle kunna förhindra detta genom att behandla bentransplantatet med en bisfosfonat. Eftersom bisfosfonat binder så starkt till ben, oavsett om det är levande eller dött, försökte vi med lokalbehandling genom att helt enkelt doppa transplantatet i bisfosfonatlösning. Fördelarna med lokalbehandling av bentransplantatet i samband med operationen skulle vara att hela transplantatet behandlas direkt och att risken för biverkningar blir lägre jämfört med tablett- eller injektionsbehandling. Vår andra hypotes var att inte bara bromsa resorptionen av bentransplantatet utan också stimulera benbildningen genom att tillsätta både BMP-7 och en bisfosfonat, som då teoretiskt skulle kunna förbättra stabiliteten ytterligare.
I delarbete I och II undersöktes effekten av bisfosfonaten zoledronsyra och BMP-7 som lokalbehandling av bentransplantat. Ett bentransplantat doppades i det ena eller i båda läkemedlen (eller i koksalt för kontrollpreparaten) och placerades i en benkammare i råtta. Levande ben från omgivande ben växer in i kammaren och in i transplantatet och bennybildningen och bennedbrytningen i transplantatet kan mätas. Vi fann att 1) zoledronsyra starkt hämmade nedbrytningen av ben, att 2) tillsats av BMP-7 ökade benbildningen och framförallt 3) en tydlig synergistisk effekt då läkemedlen kombinerades. Lokalbehandling med zoledronate var effektivt jämfört med injektionsbehandling avseende resorptionen men med en tendens till hämning av benbildningen.
I delarbete III utvärderades samma två läkemedel som ovan men i en kaninprotesmodell som mer liknar den mänskliga protesoperationen.  En knäprotes infördes i skenbenet som hade förberetts med packat, malt bengraft, doppat i BMP-7 och/eller zoledronsyra eller koksalt som obehandlad kontroll. Undersökning med micro-CT påvisade en ökning av bentätheten efter zoledronsyra-behandling jämfört med kontrollgruppen. I mikroskopet var dock benstrukturen kring protesen av sämre kvalitet när zoledronsyra kombinerades med BMP-7 jämfört med kontrollgruppen.
Delarbete IV var en klinisk randomiserad studie av patienter som genomgick en höftprotesutbytesoperation. Vår hypotes var att bisfosfonatbehandling av bentransplantatet skulle öka bentätheten kring den reviderade protesen. Detta i sin tur skulle leda till en minskad protesrörlighet vilket vi utvärderade med en mycket känslig metod–radiosterometri (RSA). Trettio patienter med lösa höftproteser opererades med benpackningsteknik och följdes under ett år. De randomiserades till att få bentransplantat indränkt i antingen bisfosfonaten klodronat eller koksalt.
DXA-mätningar används för att mäta bentätheten runt protesen efter operationen och efter 3 och 12 månader. Med RSA kan mycket små rörelser av protesen i förhållande till lårbenet mätas exempelvis vid en alltför snabb resorption av bentransplantatet under läkningen. RSA-mätningarna utfördes efter operationen, efter 6 veckor, 3 och 12 månader. Förändringarna i bentäthet och protesrörlighet var dock likartade i de båda grupperna och inga signifikanta skillnader kunde påvisas. Vi tror att den biologiska effekten av en lokalt given bisfosfonat är liten, åtminstone för klodronat som var den bisfosfonat som vi använde. 
Även om vår hypotes inte kunde påvisas noterar man att själva operationsmetoden är mycket framgångsrik. Före operationen hade patienterna smärta från höften, nedsatt gångförmåga och nedsatt livskvalitet. Enligt standardiserade patientenkäter förbättrades alla dessa parametrar påtagligt ett år efter operationen.
Sammanfattningsvis visade det sig att lokal administrering av bisfosfonat är effektivt när det gäller hämning av resorption av bentransplantat i djurmodeller. Att även tillföra BMP-7 kan leda till försämrad benstruktur och kan inte rekommenderas. I vår kliniska studie på höftrevision med benpackning kunde vi inte påvisa att bisfosfonaten klodronat har någon effekt på bentäthet eller protesrörelse.
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[bookmark: _Toc383351705]Comparisons in this thesis
Paper I
Hypothesis: Local treatment of an allograft with BMP-7 increases ingrowth distance and with zoledronate prevents resorption, and the combination would have a synergistic effect.
Method: Bone conduction chambers with cancellous allografts. Four groups with local peroperative treatment: 1) saline, 2) BMP-7, 3) zoledronate and 4) BMP-7 + zoledronate. Harvest after 6 weeks.
Conclusion: BMP-7 stimulates ingrowth and zoledronate prevents resorption. There is a synergistic effect when combined.
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Paper II
Hypotheses: Local and systemic treatment of an allograft with zoledronate prevents resorption, but local treatment might reduce ingrowth distance.
Method: Bone conduction chambers with cancellous allografts. Five groups: 1) local saline, 2) zoledronate, short soak and rinse, 3) zoledronate, long soak and rinse, 4) zoledronate, no rinse, (all peroperatively) or 5) systemic zoledronate injection at 2 weeks. Harvest after 6 weeks.
Conclusion: Zoledronate prevents resorption and reduces bone ingrowth in a dose-dependent manner. Local treatment has stronger anti-resorptive effect than systemic, and a long soaking time is more important than rinsing.
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Paper III
Hypothesis: Local treatment of an allograft with zoledronate prevents resorption and local treatment with BMP-7 promotes remodelling in a mechanically loaded knee prosthesis animal model.
Method: Stemmed uncemented tibial knee prosthesis fixed with impacted allograft in rabbit. Three groups: 1) saline, 2) zoledronate and 3) BMP-7 + zoledronate as local peroperative treatment. Harvest after 6 weeks.
Conclusion: Zoledronate also prevents resorption in a mechanically loaded prosthesis, but the effect is less clear than in the unloaded bone chamber (papers I and II). Combination with BMP-7 reduces the structural integrity of the bone surrounding the prosthesis.
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Paper IV
Hypothesis: Local treatment of an allograft with clodronate prevents resorption, which in turn reduces micromotion of an implant.
Method: Hip revision with impaction allograft bone technique and a cemented stem. Two groups: 1) saline or 2) clodronate as local peroperative treatment. Evaluation with DXA and RSA after 1 year.
Conclusion: Clodronate does not improve bone density or reduce micromotion.
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