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1Joint replacement surgery by total hip and total knee arthroplasty (THA and TKA) are among 

the most performed interventions worldwide (1, 2). The Dutch Arthroplasty Register (LROI) 

reported a total of 33,248 THAs and a total of 25,859 TKAs performed in 2019 (3). A further 

increase in these numbers is expected in the future due to aging of the population and a growing 

number of people with obesity (3). The trend projection suggests an estimated increase in the 

Netherlands of 140% by 2030 (4, 5). Both THA and TKA are generally considered successful treat-

ments, however ‘treatment success’ can be interpreted in different ways. Traditionally, outcome 

is evaluated by objective measurements such as implant survival and revision rates (6). However, 

in the last decade a shift has occurred towards subjective patient-perceived outcome measures 

addressing what is most relevant for patients (7).

Subjective outcome measures

Although joint replacement surgery is highly effective in improving health-related quality-of-life 

at group level, this is not the case on an individual level (8). Up to 30% of joint replacement 

patients are dissatisfied with the results after surgery and persistent pain is reported in 9% of THA 

patients and in 20% of TKA patients at long-term follow-up (9-11). Patient-reported outcome 

measures (PROMs) is the general term used for a variety of self-reported questionnaires which 

allow researchers to quantify a wide selection of outcome variables like pain, satisfaction, quality of 

life, and function. Although these PROMs are considered by some to give a good representation of 

patients’ satisfaction and functional gain, one should be aware that they only present the perceived 

outcome of the pre-, intra-, and postoperative complexity of joint replacement surgery (12). 

Hence, objective measurements next to PROMs are imperative to evaluate treatment success.

Objective outcome measures

Objective outcome measures after THA and TKA are regularly based on survival and revision 

rates. According to the Dutch Arthroplasty Register (LROI) in 2019, a total of 2787 THAs revi-

sions were performed with exchange of both or only the femur or acetabular component. In 

2019 the overall revision TKA numbers were 1685 revisions of both or only the femur or tibial 

component. Aseptic loosening was the major cause of revision; accounting for 37.8% of THA and 

28.9% of TKA revisions (3). Looking at other joint registries, on average 5 to 10 percent of the 

patients require revision surgery within 10 years after implantation. Aseptic loosening accounts 

for the greatest proportion, approximately 40%, of the revision surgeries and is therefore the main 

threat for implant longevity (13-15). Quantifying implant fixation to anticipate aseptic loosening is 

an ongoing challenge in follow-up care of joint replacement. Identifying unstable implants prone to 

failure also permits innovation of novel interventions to prevent progression to gross loosening 

thereby possibly averting revision surgery.
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Aseptic loosening

The exact underlying mechanism of aseptic loosening is still under debate and yet not fully under-

stood (16). The debate has mostly focused on the hypothesis of particle disease, which is based 

on retrieval studies of failed implants and histological studies of periprosthetic tissue showing 

wear particles (polyethylene-, cement- or metal particles) and abundant macrophages and giant 

cells in this tissue. This theory postulates that wear particles generate a proinflammatory state 

resulting in periprosthetic osteolysis and ultimately implant loosening (17-19). However, as wear 

particles slowly accumulate in time it cannot explain early cases of aseptic loosening. Hence, 

the early loosening theory was proposed (20, 21). While the particle disease states that loosen-

ing is induced by wear particles, the early loosening theory postulates that loosening is already 

initiated shorty after surgery by triggering factors such as a poor bony interlock (between the 

implant-bone, or bone-cement interface), poor bone quality (due to osteoporosis or rheumatoid 

arthritis), and resorption of a necrotic bone bed (due to surgical trauma or due to the heat from 

curing cement). Ultimately, the endpoint of both theories is identical; a proinflammatory state 

promoting osteoclast activity and inhibiting osteogenic activity of osteoblasts. As a result, bone 

resorption predominates at the implant-bone or bone-cement interface leading to bone defects 

and the formation of a fibrous-granulomatous interface tissue (22, 23). This interface tissue has 

negligible stiffness and does not provide a strong interlock, resulting in motion of the implant in 

relation to the bone (24, 25). After initial loosening, biomechanical factors such as implant design 

and magnitude of mechanical stress can lead to progression of loosening, resulting in increasing 

periprosthetic osteolysis and subsequent gross migration. For example, a femoral component with 

a long neck in a varus position is exposed to extra high torque loads. Aseptic loosening is a slow, 

continuous process, gradually causing clinical symptoms such as pain. By the time a fibrous tissue 

layer is visible on conventional radiographs, presented as a radiolucent line around the implant, the 

loosening process may already be at an advanced stage (26). However, it is possible to detect this 

loosening process as early as 1 to 2 years postoperatively by measuring implant migration with 

roentgen stereophotogrammetric analysis (RSA).

RSA

RSA is a highly accurate stereo X-ray technique for the assessment of 3D movement between 

two rigid bodies, for example movement of an implant relative to the bone. The use of X-rays to 

determine the 3D position of an object in space dates back to the time X-rays were discovered 

(27). Modern utilization of RSA is based on the work of Göran Selvik, a Swedish mathematician 

and anatomist, who described the technique in his thesis in 1972 (28). Over time this technique 

improved due to the introduction of digital radiographs and software measurements thereby 

reducing the time for analysis significantly (29, 30). In order to measure movement of an implant 

in relation to the bone, small X-ray opaque tantalum markers are attached onto the implant by 

the manufacturer and during surgery markers are placed into the bone surrounding the implant 

thereby creating two rigid bodies. A typical modern RSA setup consists of two synchronized X-ray 
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1tubes, a calibration box, which holds markers at accurately known positions, and a radiograph 

detector. The patient is positioned in between the X-ray tubes and the calibration box, producing 

two plain, stereo radiographs showing the implant of interest, the bone markers and the calibration 

box markers. With the help of software, the 3D positions of the X-ray tubes are reconstructed 

from the projected calibration box markers on the two digital radiographs. Subsequently, the 3D 

positions of the markers on the implant and in the bone can be reconstructed, producing a 3D 

RSA scene. By fitting the rigid body of the reference bone markers of all following RSA scenes 

onto the postoperative RSA scene, the migration overtime of the implant relative to the bone 

can be calculated (31, 32). Measuring migration over time with RSA has an accuracy between 

0.05 and 0.5 mm for translations and between 0.15 and 1.15° for rotations (32). Compared to 

conventional radiographs, which have an accuracy between 5 and 12 mm for translations, the ac-

curacy of RSA is 10-20 fold better (33). The attachment of markers (i.e. marker-based RSA) onto 

the implant poses some issues; the marker-based implants are more expensive in comparison to 

their conventional counterparts and the attached markers may jeopardize its strength and could 

also act as local stress risers. In order to overcome these problems, a method was developed that 

does not require any markers on the implant: model-based RSA (MB-RSA) (30, 34). MB-RSA uses 

CAD models or models from reversed engineering instead of markers on the implant. The 3D 

virtual surface models are “matched” on the radiographs by minimizing the difference between 

the virtual projection of the model with the actual projection as it appears in a radiograph.

Clinical implication

Due to its high accuracy, migration as measured with RSA, has shown to be able to predict future 

long-term (10 years) loosening of THA and TKA based on early follow-up (1-2 years) (24, 25, 35-

37). Furthermore, combining early RSA migration data with survival studies using meta-regression 

analyses revealed that early migration of both acetabular cups in THA and tibial components in 

TKA is associated with late revision (38, 39). Using meta-regression analyses thresholds values for 

early migration were established, thereby providing an upper limit of acceptable early migration, 

above which implants are at risk for future failure. The Dutch Orthopaedic Association (NOV) 

adopted RSA as an early qualitative tool as part of a phased introduction of newly designed 

implants. For that matter, RSA exposes only a small number of patients during a relatively short 

period of time to a potential poor “new” implant design (40). In 2013, the International Organiza-

tion for Standardization (ISO) published a standard protocol for early clinical studies, providing 

requirements for the clinical assessment of migration of implants with RSA. By performing and 

reporting results in a standardized manner, comparison of RSA studies is more straightforward 

and will enhance its applicability as a qualitative tool in a phased introduction of novel implants 

(41).
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Inducible displacement

The evaluation of implants using RSA has primarily focused on the migration of the implant over 

a period of time, i.e. comparing the postoperative relative position of the implant in relation to 

the host bone, versus the position of the implant 1 or 2 years later. However, another approach is 

to instantly measure migration, i.e. comparing the relative position of the implant in a loaded and 

an unloaded situation. Thereby inducing a displacement on the implant. Inducible displacement is 

a tool to evaluate implant fixation on a specific moment in time, instead of assessing fixation by 

measuring migration longitudinally. The first publications describing inducible displacement dates 

back to the late 1980s, while most research was published in the 1990s (42). Although inducible 

is promising in theory, the number of publications addressing inducible displacement declined in 

the 2000s. The latter was probably related to uncertainty about the underlying mechanism of 

inducible displacement, inconsistent results and the lack of a distinct loading protocol. In theory, 

inducible displacement can take place within the implant itself (i.e. implant elasticity), as movement 

or deformation within the fixation interface (implant-bone, implant-cement, cement-bone), or as 

an elastic deformation within the bone (43, 44). Research on inducible displacement has focussed 

on TKA and several loading protocols have been employed to generate a displacement. These so-

called stress tests have commonly included weight-bearing on the affected limb (single-leg stance, 

step-up and step-down, squatting) and weight-bearing with a torque applied at the foot to induce 

a rotatory stress. A number of studies have found significant, albeit weak correlations between 

inducible displacement and migration (44-48). However, today it is still unclear which approach 

of inducing a force onto an implant is effective and foremost how much inducible displacement 

is acceptable and thus can be used as a threshold value to predict the risk of future loosening of 

an implant.

Advances in measuring implant migration

Migration analysis of implants as measured with RSA has led to several milestones for implant 

safety in patient care. The association of early migration with late failure has led to the implantation 

of migration analysis as part of a phased introduction of implants to the market. Another success 

is the definition of thresholds values for acceptable early migration, it is important to judge these 

values in time in relation to each other, meaning is a “plateau phase” reached. The latter can be 

used as a benchmark in a phased introduction of new implants. Also, evaluation of early migration 

provided more insight into the loosening process and resulted in the early loosening theory of 

aseptic loosening. Furthermore, ISO guidelines will enhance conformity of RSA studies performed 

worldwide thereby enhancing developments. However, there are still some advances to be real-

ized. Thresholds values for acceptable early migration are yet only available for acetabular cups in 

THA and for tibial components in TKA, however not for femoral stems in THA. Moreover, little is 

known about the migration patterns of distinct implants designs and characteristics. Additionally, 

RSA studies addressing long-term migration patterns are scarce. What is more, inducible displace-

ment has great potential but needs resurgence.
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1
Aim and outline of this thesis

The overall aim of this thesis is to examine the influence of implant factors on fixation of both 

THA and TKA, measured as both migration over time and inducible displacement, and quantified 

by RSA. Within this aim, areas of focus are examining migration patterns of both cemented and 

cementless femoral stems in THA, determining the effect of mobile-bearings in TKA on migration 

and survival, and considering how inducible displacement has potential for clinical applications of 

evaluating implant fixation.

The first part of this thesis concerns femoral stems in THA. In Chapter 2 the migration of a 

cementless femoral stem with a long, conical design (Mallory-Head Porous), with up to 25 years 

of follow-up, is described and compared among different bioactive coatings (i.e. hydroxyapatite, 

fluorapatite, uncoated). The same Malloy-Head Porous stem is subsequently compared to the 

Taperloc stem with a flat wedged design. For this purpose, a randomized controlled trial described 

in Chapter 3, was performed comparing the migration and functional outcome of these two 

cementless stems with different design rationale. Chapter 4 presents the results of a randomized 

controlled trial comparing two different types of bone cement (Palacos R + G and Refobacin 

bone cement R) in a stem with a shaped-closed design (Stanmore). To establish thresholds for 

acceptable early migration, a systematic review on the association between early migration and 

late aseptic revision of stems is included in Chapter 5.

The second part of this thesis concerns TKA. In Chapter 6 the migration and functional out-

come of four different TKA designs (high-flexion and conventional, either with a mobile-bearing or 

fixed-bearing) are compared in a randomized controlled trial. The effect of bearing type on implant 

survival is elaborated in a systematic review between mobile-bearing and fixed-bearing TKA and 

described in Chapter 7.

The third part of this thesis comprises an experimental study investigating approaches to 

instantly detect loosening in TKA. In Chapter 8 an in vitro study is presented testing different 

methods to induce a measurable displacement in an artificially created loose implant.

Finally, Chapter 9 summarizes the studies described in this thesis with a general discussion 

and final conclusions.



CHAPTER 1

14

Reference list

	 1.	 Learmonth ID, Young C, Rorabeck C. The operation of the century: total hip replacement. Lancet. 

2007;370(9597):1508-19.

	 2.	 Carr AJ, Robertsson O, Graves S, Price AJ, Arden NK, Judge A, et al. Knee replacement. Lancet. 

2012;379(9823):1331-40.

	 3.	 Dutch Arhtroplasty Register, Annual Report 2020. http://www.lroi-rapportage.nl/.

	 4.	 Rijksinstituut-voor-Volksgezondheid-en-Milieu. Artrose: Hoe vaak komt artrose voor en hoeveel 

mensen sterven eraan. Nationaal Kompas Volksgezondheid 2011.

	 5.	 Otten R, van Roermund P, Picavet H. Trends in aantallen knie-en heupartroplastieken: de vraag naar 

knie-en heupprotheses blijft voorlopig toenemen. Ned Tijdschr Geneeskd. 2010;154(20):A1534.

	 6.	 Nelissen R, Brand R, Rozing P. Survivorship analysis in total condylar knee arthroplasty. A statistical 

review. J Bone Joint Surg Am. 1992;74(3):383-9.

	 7.	 Porter ME. What is value in health care. N Engl J Med. 2010;363(26):2477-81.

	 8.	 Ethgen O, Bruyere O, Richy F, Dardennes C, Reginster J-Y. Health-related quality of life in total hip 

and total knee arthroplasty: a qualitative and systematic review of the literature. J Bone Joint Surg Am. 

2004;86(5):963-74.

	 9.	 Beswick AD, Wylde V, Gooberman-Hill R, Blom A, Dieppe P. What proportion of patients report long-

term pain after total hip or knee replacement for osteoarthritis? A systematic review of prospective 

studies in unselected patients. BMJ Open. 2012;2(1).

	 10.	 Gandhi R, Davey JR, Mahomed NN. Predicting patient dissatisfaction following joint replacement 

surgery. J Rheumatol. 2008;35(12):2415-8.

	 11.	 Noble PC, Conditt MA, Cook KF, Mathis KB. The John Insall Award: patient expectations affect satisfac-

tion with total knee arthroplasty. Clin Orthop Relat Res. 2006;452:35-43.

	 12.	 Rolfson O, Wissig S, van Maasakkers L, Stowell C, Ackerman I, Ayers D, et al. Defining an international 

standard set of outcome measures for patients with hip or knee osteoarthritis: consensus of the 

international consortium for health outcomes measurement hip and knee osteoarthritis working 

group. Arthriitis Care Res (Hoboken). 2016;68(11):1631-9.

	 13.	 Australian Orthopaedic Association National Joint Replacement Registry, Annual Report 2020. https://

aoanjrr.sahmri.com/.

	 14.	 New Zealand National Joint Registry, Annual Report 2020. https://nzoa.org.nz/nzoa-joint-registry.

	 15.	 Swedish Hip Arthroplasty Registry, Annual Report 2020. https://shpr.registercentrum.se/in-english/

annual-reports/p/rkeyyeElz.

	 16.	 Sundfeldt M, V Carlsson L, B Johansson C, Thomsen P, Gretzer C. Aseptic loosening, not only a question 

of wear: a review of different theories. Acta Orthop. 2006;77(2):177-97.

	 17.	 Gibon E, Córdova LA, Lu L, Lin TH, Yao Z, Hamadouche M, et al. The biological response to orthopedic 

implants for joint replacement. II: Polyethylene, ceramics, PMMA, and the foreign body reaction. J 

Biomed Mater Res B Appl Biomater. 2017;105(6):1685-91.

	 18.	 Goodman SB. Wear particles, periprosthetic osteolysis and the immune system. Biomaterials. 

2007;28(34):5044-8.

	 19.	 Schmalzried T, Jasty M, Harris WH. Periprosthetic bone loss in total hip arthroplasty. Polyethylene wear 

debris and the concept of the effective joint space. J Bone Joint Surg Am. 1992;74(6):849-63.

	 20.	 Mjöberg B. The theory of early loosening of hip prostheses. Orthopedics. 1997;20(12):1169-75.

	 21.	 Mjöberg B. Theories of wear and loosening in hip prostheses: Wear-induced loosening vs loosening-

induced wear–a review. Acta Orthop. 1994;65(3):361-71.



15

General introduction and outline of this thesis

1
	 22.	 Konttinen YT, Zhao D, Beklen A, Ma G, Takagi M, Kivelä-Rajamäki M, et al. The microenvironment 

around total hip replacement prostheses. Clin Orthop Relat Res. 2005;430:28-38.

	 23.	 Ren P-G, Irani A, Huang Z, Ma T, Biswal S, Goodman SB. Continuous infusion of UHMWPE particles 

induces increased bone macrophages and osteolysis. Clin Orthop Relat Res. 2011;469(1):113-22.

	 24.	 Ryd L, Albrektsson B, Carlsson L, Dansgard F, Herberts P, Lindstrand A, et al. Roentgen stereophoto-

grammetric analysis as a predictor of mechanical loosening of knee prostheses. J Bone Joint Surg Br. 

1995;77(3):377-83.

	 25.	 Karrholm J, Borssen B, Lowenhielm G, Snorrason F. Does early micromotion of femoral stem prosthe-

ses matter? 4-7-year stereoradiographic follow-up of 84 cemented prostheses. J Bone Joint Surg Br. 

1994;76(6):912-7.

	 26.	 Reading A, McCaskie A, Gregg P. The inadequacy of standard radiographs in detecting flaws in the 

cement mantle. J Bone Joint Surg Br. 1999;81(1):167-70.

	 27.	 Davidson JM, Hedley W. A method of precise localisation and measurement by means of roentgen rays. 

Lancet. 1897;150(3868):1001.

	 28.	 Selvik G. Roentgen stereophotogrammetry: a method for the study of the kinematics of the skeletal 

system. Acta Orthop. 1989;60(sup232):1-51.

	 29.	 Vrooman HA, Valstar ER, Brand G-J, Admiraal DR, Rozing PM, Reiber JH. Fast and accurate automated 

measurements in digitized stereophotogrammetric radiographs. J Biomech. 1998;31(5):491-8.

	 30.	 Kaptein B, Valstar E, Stoel B, Rozing P, Reiber J. A new model-based RSA method validated using CAD 

models and models from reversed engineering. J Biomech. 2003;36(6):873-82.

	 31.	 Spoor C, Veldpaus F. Rigid body motion calculated from spatial co-ordinates of markers. J Biomech. 

1980;13(4):391-3.

	 32.	 Valstar ER, Nelissen RG, Reiber JH, Rozing PM. The use of Roentgen stereophotogrammetry to study 

micromotion of orthopaedic implants. ISPRS J Photogramm Remote Sens 2002;56(5-6):376-89.

	 33.	 Malchau H, Kärrholm J, Wang YX, Herberts P. Accuracy of migration analysis in hip arthroplasty 

Digitized and conventional radiography, compared to radiostereometry in 51 patients. Acta Orthop. 

1995;66(5):418-24.

	 34.	 Valstar ER, De Jong F, Vrooman H, Rozing P, Reiber J. Model-based Roentgen stereophotogrammetry 

of orthopaedic implants. J Biomech. 2001;34(6):715-22.

	 35.	 Grewal R, Rimmer M, Freeman M. Early migration of prostheses related to long-term survivorship. 

Comparison of tibial components in knee replacement. J Bone Joint Surg Br. 1992;74(2):239-42.

	 36.	 Hauptfleisch J, Glyn-Jones S, Beard D, Gill H, Murray D. The premature failure of the Charnley Elite-Plus 

stem: a confirmation of RSA predictions. J Bone Joint Surg Br. 2006;88(2):179-83.

	 37.	 Nieuwenhuijse MJ, Valstar ER, Kaptein BL, Nelissen RG. Good diagnostic performance of early migra-

tion as a predictor of late aseptic loosening of acetabular cups: results from ten years of follow-up with 

Roentgen stereophotogrammetric analysis (RSA). J Bone Joint Surg Am. 2012;94(10):874-80.

	 38.	 Pijls BG, Nieuwenhuijse MJ, Fiocco M, Plevier JW, Middeldorp S, Nelissen RG, et al. Early proximal 

migration of cups is associated with late revision in THA: a systematic review and meta-analysis of 26 

RSA studies and 49 survival studies. Acta Orthop. 2012;83(6):583-91.

	 39.	 Pijls BG, Valstar ER, Nouta K-A, Plevier JW, Fiocco M, Middeldorp S, et al. Early migration of tibial 

components is associated with late revision: a systematic review and meta-analysis of 21,000 knee 

arthroplasties. Acta Orthop. 2012;83(6):614-24.

	 40.	 Nelissen RG, Pijls BG, Kärrholm J, Malchau H, Nieuwenhuijse MJ, Valstar ER. RSA and registries: the 

quest for phased introduction of new implants. J Bone Joint Surg Am. 2011;93(Supplement_3):62-5.



CHAPTER 1

16

	 41.	 International Organization for Standarization. Implants for surgery - Roentgen stereophotogrammet-

ric analysis for the assessment of migration of orthopaedic implants [16087:2013]. https://www.iso.

org/standard/55662.html. 2013.

	 42.	 Ryd L, Lindstrand A, Rosenquist R, Selvik G. Tibial component fixation in knee arthroplasty. Clin 

Orthop Relat Res. 1986(213):141-9.

	 43.	 Linder L. Implant stability, histology, RSA and wear–more critical questions are needed: a view point. 

Acta Orthop. 1994;65(6):654-8.

	 44.	 Uvehammer J, Kärrholm J. Inducible displacements of cemented tibial components during weight-

bearing and knee extension. Observations during dynamic radiostereometry related to joint positions 

and 2 years history of migration in 16 TKR. J Orthop Res. 2001;19(6):1168-77.

	 45.	 Fukuoka S, Yoshida K, Yamano Y. Estimation of the migration of tibial components in total knee arthro-

plasty: a Roentgen stereophotogrammetric analysis. J Bone Joint Surg Br. 2000;82(2):222-7.

	 46.	 Hilding MB, Yuan X, Ryd L. The stability of three different cementless tibial components: a randomized 

radiostereometric study in 45 knee arthroplasty patients. Acta Orthop. 1995;66(1):21-7.

	 47.	 Regner L, Carlsson L, Kärrholm J, Herberts P. Tibial component fixation in porous-and hydroxyapatite-

coated total knee arthroplasty: a radiostereometric evaluation of migration and inducible displacement 

after 5 years. J Arthroplasty. 2000;15(6):681-9.

	 48.	 Toksvig-Larsen S, Ryd L, Lindstrand A. Early inducible displacement of tibial components in total knee 

prostheses inserted with and without cement. A randomized study with roentgen stereophotogram-

metric analysis. J Bone Joint Surg Am. 1998;80(1):83-9.








