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Chapter 1
General introduction

Osteoarthritis
Osteoarthritis - osteo- (bone), arthr- (joint), -itis (inflammation) - is a common and complex
joint disease characterized by progressive damage to articular cartilage and other joint
tissues.1,2 The term ‘osteoarthritis’ is, strictly speaking, misleading as inflammation is not
the primary or only cause of this joint condition. The correct term for this degenerative
joint condition is ‘osteoarthrosis’ (OA).3 Osteoarthrosis has traditionally been divided
in primary, without a specific cause (idiopathic), and secondary, with a known cause or
predisposing factor as injury (fracture, dislocation, surgery), anatomic abnormalities or
chronic inflammation (rheumatoid arthritis (RA)).4–6 Although ‘osteoarthrosis’ is still the
preferred term in European countries, the term ‘osteoarthritis’ became deeply integrated in
scientific publications under the influence of the Anglo-Saxon literature.3
Clinically, OA can lead to gradual progressive pain, loss of function of the affected joint and a
decrease in quality of life.7 Due to the rising prevalence of obesity, ageing and growth of the
global population, the prevalence of OA is increasing worldwide with major implications for
healthcare systems and socioeconomic costs.7,8 In the Netherlands, the prevalence of OA is
estimated to increase with more than one million to 2.5 million in 2040.9
In general, the upper extremity is less susceptible for symptomatic OA compared to the lower
extremity.10,11 Still, OA of the glenohumeral joint (omarthrosis) is the third common form of
OA to require joint replacement after the hip and knee.12 The prevalence of radiological
omarthrosis is estimated to be 16-20% in the middle-aged and elderly population.13–15 Like
in the hip and knee joint, primary OA is the most common form of omarthrosis and is mainly
seen in patients over 60 years of age, while younger patients more often are diagnosed with
secondary OA.6,16,17
OA of the elbow is relatively rare. The prevalence of symptomatic primary OA of the elbow
is reported to be 0.9% in a Japanese cohort survey.18 Elbow OA is typically characterized
by pain, stiffness and loss of function.19 Hypertrophic osteophytes act as a mechanical
obstruction causing pain at the end range of both flexion and extension. Generally, the
radiocapitellar joint is the first region that is affected by OA and preservation of the joint
space is common. The latter may account for the good results of non-operative treatment
or arthroscopic debridement.19
The hand is often involved in OA, especially in older women. Data from the Rotterdam study
revealed that radiographic OA is present in more than 60% of the population aged 55 years
and older.20 The highest prevalence of OA was found in the distal interphalangeal (DIP) joints
(47.3% at least one DIP joint affected; 6.8-28.6% for separated DIP joints), followed by the
trapeziometacarpal (TMC) joint (21.2%).20 However, OA of the hand is often asymptomatic
and the relation between radiographic severity of OA and functional hand disability is poor.
The prevalence of symptomatic TMC joint OA is estimated to be 2.7 – 5.7%.21
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Total Joint Arthroplasty
When non-operative treatment fails, total joint arthroplasty (TJA) is a more than acceptable
treatment option for end-stage OA. Although the number of TJA in the upper extremity is
considerably lower than for the lower extremity, the number of total shoulder arthroplasty
(TSA) is rising and expected to increase in the near future.22–24 In the Netherlands, the
number of TSA has increased with more than 50% between 2014 and 2019 (table 1).25

Year
2014
2015
2016
2017
2018
2019
Growth
14-’19

Hip
arthroplasty
28.161
28.877
29.658
30.443
31.920
33.253
18%

Knee
arthroplasty
26.608
26.938
27.832
29.216
29.911
30.773
16%

Shoulder
arthroplasty
2.091
2.498
2.603
2.888
3.047
3.253
55%

Elbow
arthroplasty
72
78
67
67
73
79
10%

Wrist
arthroplasty

Hand
arthroplasty

33
36
40
n.a

177
190
257
n.a

Table 1. Number of registered arthroplasties in The Netherlands between 2014 and 2019.
Data from www.lroi-report.nl

TSA can be broadly divided into anatomic (aTSA) and reverse (rTSA) prostheses. Anatomic
prostheses mimic the normal glenohumeral anatomy, while in reverse arthroplasty the ball
and socket switch sides. The most common indication for rTSA is glenohumeral OA with
severe rotator cuff deficiency. However, indications for rTSA are expanding resulting in a
strong increase in the volume of implanted rTSA’s.26
Although increasing, the number of total elbow arthroplasty (TEA) is still more than 150
times lower than the number of hip and knee replacements.25,27–29 In contrast to most other
joints, inflammatory OA is the most common indication for TEA. However, TEA following
acute trauma and primary OA is increasing.30–32
Concerning OA of the wrist and hand joints, these days it is possible to replace nearly every
joint of the wrist and hand by an artificial joint.33 However, in addition to joint replacement
several other surgical treatment options exist and the optimal treatment for hand and wrist
OA is still a topic of debate.34–42
The final goal of TJA is to restore a painless, well-functioning joint that ideally lasts for a life
time. However, aseptic loosening of implants is still one of the main concerns in TJA of the
upper limb. Ten-year survival rates vary between 63 and 97% for TSA,43–51 64 - 91% for TEA,52–56
71 - 81% for total wrist arthroplasty (TWA)57–60 and 87 - 94% for TMC joint arthroplasty.37,61–68
Although long-term survival is increasing over time, survival rates are still inferior to those
of THA (96-100%) and TKA (89-95%).69,70 Consequently, the volume of revision procedures of
upper limb TJA is increasing, with high clinical and socioeconomic burden.22,25
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Survival of orthopaedic implants is generally monitored by clinical survival studies and
implant registries. Further, many orthopaedic implants are monitored by the Orthopaedic
Data Evaluation Panel (ODEP). ODEP ratings increase with the number of years with available
data that support a satisfactory survival and depend on the level of evidence. It was in 2017
that ODEP was introduced for shoulder implants. For TEA first submissions are expected in
2022.71
The main disadvantage of implant monitoring by survival studies, registries and ODEP
ratings is that implant safety is based on long-term follow-up outcomes. And long-term
follow-up takes time. During follow-up, large patient groups are exposed to prostheses with
unknown survival rates, awaiting long-term results. Therefore, assessment tools that are
able to monitor the performance of orthopaedic implants at an early stage are essential
to prevent the exposure of large patient groups to potentially poor performing implants.
Moreover, these tools could help to determine whether or not innovative implants or
surgical techniques are actually beneficial.
An important factor for long-term success of TJA is initial fixation, either mechanical, using
bone cement, or by osseointegration, a structural connection between the implant surface
and surrounding bone.72 Suboptimal fixation, characterized by increased or continuous
early migration of the implant relative to the surrounding bone, in the range of tenths of
millimeters (mm), is related to aseptic loosening in the mid- to long-term follow-up.73–77
Therefore, focusing on detection and evaluation of early migration is an important step
in the systematic assessment of orthopaedic implants. In daily practice, conventional
radiographs are routinely used during TJA follow-up. However, detecting implant migration
and loosening using conventional radiographs is imprecise.78,79 A more accurate method to
detect early migration is roentgen stereophotogrammetry.

Radiostereometric Analysis
It was in 1897 that Davidson and Hedley obtained two simultaneously taken radiographs of
a pin. They were able to localize the three-dimensional position of the pin by determining
the intersection of two pairs of threads from the projected image to the roentgen foci.80,81
This was the first description of roentgen stereophotogrammetry (Figure 1).
In the early 1970s, Göran Selvik, a Swedish mathematician and anatomist, developed a
roentgen stereophotogrammetric method to determine the position of radiopaque markers
in an object: Roentgen Stereophotogrammetric Analysis (RSA).82 Driven by the increasing
problem of implant loosening in the late 1970s and 1980s, Selvik further developed the
technique enabling accurate measurement of movement between two rigid bodies, i.e.
prostheses relative to the surrounding bone.83 In order to determine the position of implants
relative to the bone, radiopaque reference markers had to be inserted into the bone around
the prosthesis. Further, markers had to be attached to known positions on the implant by
the manufacturer (marker-based RSA).
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Figure 1. Localizing the three-dimensional position of a pin using an early version of roentgen stereophotogrammetry.
First published in: Davidson M. Roentgen rays and localization. An apparatus for exact measurement and localization
by means of roentgen rays. Brit Med J. 1898;1:10-14. Reprinted with permission from the British Medical Journal
Publishing Group.

Initially, RSA was a largely manually performed, time-consuming and labour-intensive
procedure. During the 1990s, it was professor Edward Valstar, an engineer from Leiden,
who succeeded in the development of a digital RSA system84–87. To overcome the main
drawback of attaching markers to the prostheses in marker-based RSA, model-based RSA
was developed in the years thereafter.88–90 In model-based RSA the position of the implant
can be estimated by matching a three-dimensional surface model (Computer aided design
(CAD) or Reversed engineered (RE) models) with the actual projection of the implant on
stereo roentgen images (Figure 2). As a result of further digitization and process automation,
RSA has become an easily accessible and applicable method that can be used in almost all
orthopaedic departments if the right equipment (software, calibration boxes, roentgen setup) is available.
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Figure 2. An example of an RSA-scene showing the CAD-model of a TMC joint prosthesis matched with the
projection of the implant on stereo roentgen images.

A typical RSA set-up consists of two synchronized X-ray tubes above a detector at a 20° angle
to the vertical.91 A calibration box is positioned between the patient and the detector. This
box contains fiducial markers on the bottom of the box to define a coordinate system and
to transform the plane of the detector to the lower plane of the box. Control markers, at
known positions in the upper surface of the box, are used to determine the exact position
of the roentgen foci (Figure 3).
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Figure 3. A typical RSA arrangement with two roentgen tubes focused on the joint concerned in an uniplanar setup. First published in: Valstar ER. et al. Guidelines for standardization of radiostereometry (RSA) of implants. Acta
Orthopaedica 2005;76(4):563-572.Reprinted with permission from Taylor & Francis Group.

Early migration and long-term outcomes
A relation between short-term migration and future implant failure was first described by
Grewal et al., Ryd et al. and Kärrholm et al. and later confirmed by Nieuwenhuijse et al.
and Hauptfleisch et al.78,92–95 In 2012, Pijls et al. clearly demonstrated the relation between
increased early migration and long-term implant failure in two systematic reviews and metaanalyses.76,77,96 Migration thresholds for prostheses at risk for loosening of 0.2 – 1.0mm in
THA and 0.5 – 1.6mm in TKA were demonstrated. In a recently published implant register
based study, Hasan et al. confirmed the value of RSA comparing the all-cause revision
rates of non-RSA and RSA-tested TKA designs.97 Based on data from 26 knee arthroplasty
registers, including 339 implant designs, a slightly lower revision rate was shown for RSAtested implants at five and ten years. Over the last decade, several authors have argued
for a phased introduction of new implants in which preclinical tests are followed by clinical
RSA trials prior to the widespread introduction of implants to the market.98–100 The call for a
phased introduction was partly based on revision data from national joint registries showing
a reduction of 22 – 35% in 5-year revision rates of RSA-tested total knee implants compared
to implant designs that have not been assessed using RSA.98 The concept of phased
introduction of new implants has been implemented by the Dutch Orthopaedic Association
in the THA guideline, requiring RSA studies of new implant designs before larger clinical
trials could be performed.101
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General aim and outline of this thesis
To date, only a few RSA studies have been published on TJA in the upper extremity.
Consequently, the value of early migration, measured using RSA, in the prediction of longterm outcomes of upper extremity implants is unknown. Moreover, data regarding the
feasibility and accuracy of the technique when applied in the evaluation of upper limb
implants are scarce. Therefore, the general aim of this thesis is to investigate the role of RSA
in the evaluation of orthopaedic implants in the upper extremity.
Part I of this thesis focuses on the accuracy and precision of RSA in upper limb joints. Given
that only a few upper limb RSA studies have been performed and little is known about
accuracy and precision of RSA in upper limb TJA, in chapter 2 we systematically reviewed
the existing literature aiming to determine accuracy and precision values of RSA when used
in shoulder, elbow and TMC joint arthroplasty.
In Part II we evaluate the use of RSA in the TMC joint. Chapter 3 investigates the in vitro
feasibility of RSA in the TMC joint in an experimental pilot study. A surface replacement
(SR) TMC joint prosthesis was implanted in five human hand specimens. Ten pairs of RSA
radiographs of each hand were used to calculate accuracy and precision of the technique in
the TMC joint. In chapter 4 and 5, we assess the in vivo feasibility of RSA in the TMC joint.
The SR TMC joint prosthesis was implanted in ten patients with end-stage OA of the TMC
joint. Mid- and long-term migration patterns and clinical outcomes of this cohort are given.
In Part III we evaluate the use of RSA in the assessment of total elbow prostheses. In Chapter
6 we investigate long-term migration patterns, clinical outcomes and survival of 16 patients
after implantation of the Instrumented Bone Preserving (IBP) total elbow prosthesis. Shortterm migrations of revised and non-revised implants are evaluated in order to assess the
value of early migration in predicting long-term outcomes.
In Part IV we aim to investigate fixation and migration patterns of a relatively new concept
in TSA. In chapter 7 we describe the precision of RSA in stemless shoulder arthroplasty and
we evaluate short-term migration and clinical outcomes of this implant.
Chapter 8 contains the general discussion of this thesis. We discuss the main findings of this
thesis and suggestions for future RSA research are made.
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PART I
ACCURACY AND PRECISION OF
RADIOSTEREOMETRIC ANALYSIS IN
TOTAL JOINT ARTHROPLASTY IN THE
UPPER EXTREMITY

Chapter 2
The accuracy and precision of
radiostereometric analysis in upper
limb arthroplasty – a systematic
review of 23 RSA studies
B. ten Brinke, A. Beumer, K.L.M. Koenraadt, D. Eygendaal,
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ABSTRACT
Background and purpose: Radiostereometric analysis (RSA) is an accurate method for
measurement of early migration of orthopaedic implants. Since a relation has been shown
between early migration and future loosening of total knee and hip prostheses, RSA plays
an important role in the development and evaluation of prostheses. However, there have
been few RSA studies of the upper limb and the value of RSA of the upper limb is not yet
clear. We therefore performed a systematic review to investigate the accuracy and precision
of RSA in the upper limb.
Patients and methods: PRISMA guidelines were followed and the protocol for this
review was published online at PROSPERO under registration number CRD42016042014.
A systematic search of the literature was performed in the databases Embase, Medline,
Cochrane, Web of Science, Scopus, Cinahl, and Google Scholar on April 25, 2015 based on
the keywords ‘radiostereometric analysis’, ‘shoulder prosthesis’, ‘elbow prosthesis’, ‘wrist
prosthesis’, ‘trapeziometacarpal joint prosthesis’, ‘humerus’, ‘ulna’, ‘radius’, ‘carpus’. Articles
concerning RSA for the analysis of early migration of prostheses of the upper limb were
included. Quality assessment was performed using the MINORS score, Downs and Black
checklist and the ISO RSA standard. Accuracy and precision data were extracted using a
predefined extraction form.
Results: 23 studies were included. Precision values were in the 0.06 – 0.88 mm and 0.05 –
10.7° range for the shoulder, the 0.05 – 0.34 mm and 0.16 – 0.76° range for the elbow, and
the 0.16 – 1.83 mm and 11 – 124° range for the TMC joint. Accuracy data from marker- and
model-based RSA were not reported in the studies included.
Interpretation: RSA is a highly precise method for measurement of early migration of
orthopaedic implants in the upper limb. However, the precision of rotation measurement is
poor in some components. Challenges with RSA in the upper limb include the symmetrical
shape of prostheses and the limited size of surrounding bone, leading to over-projection
of the markers by the prosthesis. We recommend higher adherence to RSA guidelines and
encourage investigators to publish long-term follow-up RSA studies.

INTRODUCTION
Total joint replacement for severe osteoarthritis (OA) of the shoulder, elbow, wrist or
trapeziometacarpal (TMC) joint has become an accepted treatment option. Several implant
systems have been developed with ten-year survival rates ranging between 63% and 92%
for shoulder arthroplasty,1–6 64% and 91% for elbow arthroplasty,7–9 60% and 71% for wrist
arthroplasty,10,11 and 91% and 94% for replacement of the TMC joint.12–14 These long-term
survival rates are inferior to those for total knee replacement (89–95%) and total hip
replacement (96–100%).15,16 Improvement of implant survival and implant design in the
upper limb is required, including assessment of the influence of implant modifications
on survival. However, the number of upper limb implants is relatively low and it can take
ten or even more years before signs of loosening become visible on standard radiographs.
Radiostereometric analysis (RSA) enables accurate measurement of early migration within
the first postoperative year. For hip and knee prostheses, a relation between early migration
measured with RSA and future aseptic loosening has been shown.17–21 Thus, RSA plays an
important role in the development, introduction and evaluation of new implant designs.
Only a small number of RSA studies have been performed on the upper limb. Implants of
the upper extremity are different from knee and hip prostheses in their size, shape and joint
kinematics. It is therefore questionable whether the usefulness and precision of RSA of the
upper extremity is comparable to that of the lower extremity. To investigate the accuracy
and precision of RSA in the upper limb, we performed a systematic review of the literature.

METHODS
Data Sources and search strategy
A research protocol for this review according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) was published online at the PROSPERO international
prospective register of systematic reviews (http://www.crd.york.ac.uk/prospero) under
registration number CRD42016042014.22 A systematic literature search was performed in
the electronic databases Embase, Medline (OvidSP), Cochrane, Web of Science, Scopus,
Cinahl (EBSCO), and Google Scholar. The following keywords were used to build the
literature search: ‘radiostereometric analysis’, ‘shoulder prosthesis’, ‘elbow prosthesis’,
‘wrist prosthesis’, ‘trapeziometacarpal joint prosthesis’, ‘humerus’, ‘ulna’, ‘radius’, ‘carpus’.
The search was performed on April 25, 2015 and can be found in Appendix A. Reference
lists from included articles were screened to include relevant studies that were not directly
found with the search. To avoid missing any literature that was published during the drafting
of this review, the search was repeated in March 2016.
Inclusion criteria and study selection
Studies were included if they described RSA of prostheses in the shoulder, elbow, wrist, and
carpometacarpal joints. All types of study design, both prospective and retrospective, and
data retrieved from clinical and experimental studies were included. Studies were excluded
if they used RSA for purposes other than measurement of migration of prostheses (e.g.
joint kinematics, fracture stability and skeletal growth). Only articles written in English were
included. Selection of suitable studies was performed independently by two authors (BB
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and AB). Disagreements were solved by discussion, and a final decision was made by a third
reviewer (GK) if there was disagreement.
Quality assessment
To assess the risk of bias, all articles were scored using fourteen criteria from the revised
version of the MINORS score and the Downs and Black checklist (Appendix B).23,24 For every
criterion that was met, one point was given. No points were given if the criterion was not
met or in the case that the criterion was not applicable. To assess RSA specific quality, all
studies were scored using 11 items from a standard protocol that was developed by the
International Organization for Standardization and the European Standards Working Group
on Joint Replacement Implants.25 This protocol was developed to facilitate comparison
between different centers and recommends to include all these criteria in publishing RSA
results. All the criteria can be found in Appendix C. The maximum score of the RSA specific
quality assessment was 20 points. Two authors (BB, KK) assessed the quality independently.
If consensus was not reached after discussion, a third reviewer (NM) was consulted.
Data extraction
Data were extracted by one investigator (BB) and extraction was done using a predefined
template including the following topics: (1) study information: authors and year of
publication; (2) study design: type of study, population size, and follow-up; (3) the joint
involved, used prostheses and components; (4) RSA details: marker-based or model-based
RSA, use of double examinations, translation data (mm), rotation data (˚), and data on
accuracy and precision.
Outcomes
Accuracy can be defined as the closeness of a true value to the most probable value
originating from a series of measurements.26 Thus, accuracy data were collected from
studies that determined the accuracy by comparison with another method that calculates
migration and that has a resolution substantially better than that of RSA. To investigate the
precision of translation and rotation values, we included all results from double examinations
in clinical RSA studies. The standard deviation (SD) of the calculated migration using double
examinations was used to determine the precision, defined as 1.96 × SD. Precision was
calculated separately for the shoulder, elbow, and TMC joint. If prosthesis components were
analyzed separately, precision was calculated for each component. If precision was given
for all 3 axes (the x-, y-, and z-axis), the lowest precision was used to calculate the mean
precision.
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RESULTS
Literature search
Our literature search resulted in 214 articles. After screening of titles and abstracts, 35
studies remained. Assessment of the full text resulted in 23 studies being included. Screening
of references did not result in any additional inclusions. Repeating the literature search in
March 2016 resulted in three additional studies (Figure 1).27–29

2

Figure 1. PRISMA flow chart of study selection.
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Studies included
Fourteen studies involved the shoulder,26,28,30–41 four studies involved the elbow,42–45 and
five studies involved the TMC joint.27,29,46–48 No articles concerning the radiocarpal, distal
radioulnar, metacarpophalangeal or interphalangeal joints were found (Appendix D).
Quality assessment
Assessment using the MINORS score and the Downs and Black checklist resulted in a mean
quality score of 9 (3–14) points. One study had the maximum score of 14, but eight studies
did not achieve more than half of the points (Appendix B). Regarding the RSA-specific quality
assessment, the mean score was 12 (Range: 1–17) points on a scale from 0 to 20. None
of the included studies met all the criteria. The extent to which the different ISO criteria
were met in the RSA studies varied considerably. The cut-off level for rigid body fitting and
accuracy data were given in four studies, while only one study presented the cut-off level
for the condition number. Other criteria such as follow-up intervals, details of software,
translation data and the method of determining the implant position were given in almost
all the studies included. All RSA-specific quality scores can be found in Appendix C.
Accuracy
None of the included studies reported accuracy data from marker-based or model-based
RSA. In one phantom experiment by Sköldenberg and Odquist,26 marker-free RSA was
compared with standard (i.e. marker-based) RSA to determine the accuracy in a humeral
head resurfacing prosthesis. Accuracy of translations of marker-free RSA varied between
0.22 and 0.47 mm. Accuracy of rotations varied between 0.92° and 1.56° compared to
marker-based RSA (Appendix D).
Precision
Shoulder – Eight studies on the shoulder reported precision values using double examinations
in a clinical setting (five glenoid components, three humeral components).28,33,35–38,40,41.
Sköldenberg and Odquist described double examinations, although not in a clinical setting
but in saw bone models.26 Two additional studies by Nuttall et al. (2009, 2012) reported
precision values from a previous study by the same author and were not included in the
precision analysis.31,38,39 The mean precision of the glenoid component was 0.18 mm for
translations and 0.96˚ for rotations. For the humeral component, mean precision was 0.61
mm for translations and 5.34˚ for rotations.
Elbow – All four elbow studies gave precision values for the RSA technique. Van der Lugt
et al. reported precision data from a previous study by Valstar et al. and was not included,
so that three studies remained in the precision analysis (one humeral component, one
ulnar component, and one both components).44,49 No double examinations were performed
in the study by Valstar et al. since permission for double examinations was not given by
the institution’s ethics committee.49 To calculate the precision in this study, the first
postoperative RSA radiograph was scanned and analyzed repeatedly. Despite the fact that no
double examinations were performed, precision values from this study were included in our
analysis. The mean precision was 0.29 mm for translations of the humeral component and
0.66˚ for rotations. For the ulnar component, mean precision was 0.12 mm for translations
and 0.56˚ for rotations.
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TMC joint – Precision analysis of the trapezium component of the TMC joint prosthesis
using clinical double examinations was described in two studies by Hansen et al.46,48 In the
first study, two trapezium cup designs were analyzed using double examinations in both a
phantom and a clinical study.46 Only precision data obtained from the clinical experiments
were included in this review. The mean precision of translations in the trapezium component
was 0.93 mm. Precision of rotation measurements could only be given in the first study by
Hansen et al. and varied between 43° and 124°.46 Clinical double examinations concerning
the metacarpal stem were reported in one study.46 Precision of translation measurements
varied between 0.22 mm and 0.50 mm. Precision values for rotations varied between 11°
and 25°.

DISCUSSION
Main results
The purpose of this systematic review was to evaluate the accuracy and precision of
RSA of prostheses in the upper limb. We found that RSA is a highly precise technique for
detection of early migration of orthopaedic implants in the upper limb. Precision values
of translation measurements were comparable with those from RSA of total hip and knee
arthroplasties.50–53 On the whole, precision of rotations was lower than that of translation
measurements. With regard to the shoulder, it is notable that precision of rotations was
lower in the humeral component than in the glenoid component. Especially studies on
humeral head resurfacing prostheses showed poor precision values.33,41 This might be due
to the symmetrical shape of the implant, which constitutes a challenge when calculating
rotations. Other implant designs with a highly symmetrical shape such as the trapezium
Elektra screw cup and all-polyethylene cup were also found to have poor precision values.46
The small size of the surrounding bone, especially in the trapezium bone, and the small
number of markers that can be inserted around the prosthesis might lead to over-projection
of the bone markers by the prosthesis and to a lack of detectable markers.29 On the other
hand, a cadaver study by Ooms et al. showed a higher precision than in clinical studies for
both the trapezium and the metacarpal component of the TMC joint prosthesis.27 Although
analysis can be performed in a more controlled environment in a cadaver study, these results
indicate that migration measurement of the TMC joint prosthesis with higher precision
should be possible. Thus, clinical research concerning the TMC joint should be done with a
high diligence. RSA radiographs should be evaluated immediately, so that radiographs could
be repeated in case of occluded markers.
The accuracy of RSA in the upper limb has barely been described. On the other hand,
the accuracy of the technique with total hip and knee prostheses has been studied more
extensively. Since the RSA technique in the lower limb and the upper limb is similar,
accuracy data from hip and knee RSA studies might be extrapolated to the upper limb. The
predictive value of early migration for future loosening in upper limb arthroplasty did not
fall within the scope of this review, as not enough data are available. The only scientific basis
for the relation between early postoperative motion of the prosthesis and future outcomes
is described in a study by Streit et al.28 The authors noted a correlation between higher
migration in the first three postoperative years and mean VAS pain scores. Furthermore,
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they found that radiolucencies were observed in approximately two-thirds of the prostheses
in the high-motion group and in around one-fifth in the low-motion group. Although the
role of radiolucent lines is still debated, the authors suggested the possibility of early
micromotion where there are radiolucencies.
Quality of the studies included
A limitation of this review is the low number of articles included. Regarding the quality of the
studies included, it can be noted that the adherence to existing guidelines was poor.25,54 As
recommended in the ISO standard, precision should be assessed in each clinical RSA study
using double examinations. Several studies did not report double examinations or referred
to precision values from previous studies.29,31,32,39,44 For example, Nuttall et al. presented a
study on the humeral component in TSA and referred to precision values of the glenoid
component.38,39 None of the studies that were included followed all the guidelines from
the ISO standard. The most frequently ignored items were rigid body fitting error, cut-off
levels for condition numbers, accuracy details, and radiological details. These findings are
in accordance with the findings of Madanat et al. who described the low adherence to RSA
guidelines in RSA studies on knee and hip arthroplasty.55 To improve the methodological
quality and to make it easier to compare the results of studies from different centers, better
adherence to the guidelines is recommended for future studies.
Future directions
Future research should focus on three main topics. First, to learn more about precision and
accuracy of RSA it is important to increase the number of RSA studies in shoulder, elbow,
wrist and hand arthroplasty. Secondly, long-term results are required to evaluate migration
patterns in orthopaedic implants and to investigate the predictive value of early migration
for future loosening. The follow-up time in all but four studies included in this review was
two years or less. We therefore encourage the authors of the included RSA studies to reassess their patient cohorts after five and ten years, in order to provide adequate follow-up
data. Thirdly, given the predictive value of early migration in total knee and hip arthroplasty,
RSA is an important tool in the development, introduction, and evaluation of orthopaedic
implants. This predictive value has not yet been proven in the upper limb, so the value of
RSA in upper limb arthroplasty is not yet clear. Future research should therefore concentrate
on the predictive value of early migration for loosening of prostheses in the upper limb.

CONCLUSION
RSA is a highly precise method for measurement of early migration of orthopaedic implants
in the upper limb. However, the precision of rotation in several components has been poor.
Challenges of RSA in the upper limb include the symmetrical shape of some components
and the limited size of surrounding bone, leading to over-projection of the markers by the
prosthesis. We recommend higher adherence to RSA guidelines and encourage investigators
to present long-term follow-up RSA studies.
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SUPPLEMENTAL DATA
Appendix A The full literature search strategy for EMBASE database.
(‘radiostereometric analysis’/exp OR Stereoradiography/exp OR ((stereometry/exp
OR stereophotogrammetry/exp) AND (radiography/exp OR radiodiagnosis/de OR ‘X
ray system’/de OR ‘x ray’/de OR ‘radiological procedures’/exp)) OR (radiostereomet*
OR radiostereograph* OR radiostereophotogrammet* OR ((radio* OR rontgen* OR
roentgen* OR X-ray OR X-rays) NEAR/3 (stereomet* OR stereophotogrammet*)) OR
Stereoradiogra*):ab,ti) AND (arm/exp OR ‘bones of the arm and hand’/exp OR shoulder/
exp OR ‘shoulder girdle’/exp OR ‘shoulder surgery’/exp OR ‘arm disease’/exp OR ‘arm
movement’/exp OR ‘carpometacarpal joint’/exp OR ‘arm prosthesis’/exp OR ‘elbow
prosthesis’/exp OR ‘shoulder prosthesis’/exp OR ‘wrist prosthesis’/exp OR ‘humerus
head’/exp OR ((upper NEXT/1 (extremit* OR limb*)) OR arm OR arms OR forearm*
OR hand OR hands OR finger* OR wrist OR shoulder* OR elbow* OR glenohumer*
OR humeroscapul* OR scapulohumer* OR ((scapulo OR gleno) NEXT/1 humer*) OR
trapeziometacarp* OR carpometacarp* OR scapula* OR clavicle* OR sternum* OR
humer* OR metacarp* OR phalang* OR dorsopalmar* OR radioulnar* OR ‘rotator cuff’
OR scaphotrapez* OR trapez* OR ulna OR ulnar OR radius OR radial OR carpus OR carpal
OR capitate* OR hamate* OR lunate* OR pisiform* OR scaphoid* OR triquetrum* OR
radiolunate OR radiocapitate OR ulnocapitate OR radiotriquetral):ab,ti)
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Appendix B Quality assessment criteria according to the MINORS Score and the Downs and
Black checklist.
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Are the endpoints appropriate to the aim of the study?
Does the study noted the inclusion of consecutive patients?
Are the characteristics of the patients included clearly described?
Did the authors select an adequate control group?
Did the authors studied contemporary groups?
Where the patients in different intervention groups or were the cases and controls recruited from the same
population?
Are the baseline equivalence of groups clearly described?
Have the characteristics of patients lost to follow-up been described?
Is the prospective calculation of study size described?
Is the follow up time appropriate to the aim of the study?
Were the statistical tests used to assess the main outcome appropriate?
Are the interventions of interest clearly described?
Does the study provide estimates of the random variability in the data for the main outcome?
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Appendix C RSA specific quality assessment using criteria from the ISO standard (ISO
16087:2013(E))
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1

0

0

0

5B

1

1

0

1

0

1

1

0

0

0

1

0

0

0

0

1

1

0

1

1

0

0

0

6A

1

1

1

1

0

1

1

1

1

1

1

1

1

1

1

1

1

0

1

1

1

1

1

6B

1

1

1

1

0

1

0

1

1

1

0

0

0

0

0

1

1

0

0

0

1

0

1

7

1

1

1

1

0

0

1

1

1

1

0

1

1

1

1

1

0

0

1

1

1

1

1

8

1

1

1

1

0

1

1

1

1

1

1

1

1

1

1

1

1

0

1

1

1

1

1

9A

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

9B

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

1

1

0

0

10A

1

1

1

1

0

1

1

1

0

0

0

1

1

1

1

1

1

0

0

0

1

0

1

10B

1

1

1

1

0

1

1

1

0

0

0

1

1

1

1

1

1

0

0

0

1

0

1

11A

1

1

0

1

0

1

1

1

0

0

0

1

1

1

1

1

1

0

1

1

1

1

1

11B

1

1

0

0

0

0

0

1

1

1

0

1

1

1

1

1

0

0

1

1

1

1

1

TOTAL

15

16

9

16

1

14

13

14

10

10

7

13

13

13

13

17

14

2

14

12

17

9

14

1A
1B
2A
2B
2C
2D
3
4
5A
5B
6A
6B
7
8
9A
9B
10A
10B
11A
11B

Translation is expressed in millimetres
Rotation is expressed in degrees
Accuracy values are presented
Precision values are presented
Follow-up intervals are mentioned
Type of cage and use of reference plates are given
Experimental setup is standardized or described in detail
The coordinate systems are described
Method of image acquisition is described
Scanner or system details are described
Software name is stated
Software version is stated
Size of marker beads used are given
Method of determining the position of implant (marker/model-based) is stated
Cut-off level for condition number is stated
Cut-off level for rigid body fitting error is stated
Precision by double examination is presented
Double examinations are performed in a sufficient number of patients
Migration data are given in terms of translation (3 degrees of freedom)
Migration data are given in angular rotations (3 degrees of freedom)
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Shoulder
(humeral
component)

Shoulder
(glenoid
component)

Nutall et al.
(2009)

Rahme et al.
(2006)

Jonsson et al.
(1990)

Streit et al.
(2015)

Nutall et al.
(2012)

Rahme et al.
(2009)

Nutall et al.
(2007)

Rahme et al.
(2004)

Nagels et al.
(2002)

Author (year)

3M Modular (Smiths
& Nephew, Memphis,
Tennessee)
Global shoulder
arthroplasty system
(DePuy, Leeds, UK)

Polyethylene glenoid
comp. (Biomet Inc,
Warsaw, Indiana)
3M Modular (Smiths
& Nephew, Memphis,
Tennessee)
Global shoulder
arthroplasty system
(DePuy, Leeds, UK)
Bigliani/Flatow total
shoulder prosthesis
(Zimmer, Warsaw,
Indiana)
Global shoulder
arthroplasty system
(DePuy, Leeds, UK)
Polyethylene glenoid
comp. (Arthrex, Naples,
USA) or pegged glenoid
comp. (Tornier, Edina,
USA)
Scan Shoulder cups
(MITAB, Sjöbo, Sweden)

Type of implant

RCT

RCT
Marker
based

Marker
based

Model
based

Model
based

Cohort
Study

Cohort
Study

Marker
based

Marker
based

Marker
based

Marker
based

RSA
Method
Not
described

Cohort
Study

RCT

RCT

Cohort
Study

Study
design
Cohort
Study

22

25

12

11

11

26

20

14

5

N

24

24

12

36

24

24

24

24

Nutall (2007)

n/a

n/a

0,06-0,14

Nutall (2007)

0,04-0,07

0,13

0,11-0,21

Nutall
(2007)

0,52-0,89

n/a

0,55-0,88

Nutall
(2007)

n/a

1,2

1,02-1,27

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

Time of followPrecision
Precision
Accuracy
Accuracy
up (months)
translation (mm) rotation (˚) translation (mm) rotation (˚)
36
0,35
n/a
n/a
n/a

Appendix D Precision and accuracy data of included RSA studies
RCT, Randomized Controlled Trial; n/a, not available; TMC, trapeziometacarpal; N, number of participants.
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Van der Lugt
et al. (2010)

Valstar et al.
(2002)

Rahme et al.
(2005)

De Vos et al.
(2014)
Elbow (ulnar Valstar et al.
component) (2002)

Elbow
(humeral
component)

Nutall et al.
(2014)
Mechlenburg
et al. (2014)

Szerlip et al.
(2012)

Cohort
Study

Cohort
Study
Cohort
Study

Cohort
Study

Cohort
Study

RCT

Marker
based

Marker
based
Marker
based

Marker
based

Marker
based

Model
based
Model
based

Marker
based

Cohort
study

RCT

Model
based

RSA
Method
Marker
based
Markerfree

RCT

Copeland HHRI (biomet,
Warsaw, Indiana)
and Global CAP HHRI
(DePuy, Leeds, UK)
Aequalis Press-Fit
Shoulder Prosthesis
(Tornier, Edina, USA)
and Univers II (Arthrex,
Naples, USA)
Global CAP HHRI
(DePuy, Leeds, UK)
Copeland HHRI (biomet,
Warsaw, Indiana)
and Global CAP HHRI
(DePuy, Warsaw,
Indiana)
Souter-Strathclyde
(Stryker, Kalamazoo,
USA)
Souter-Strathclyde
(Stryker, Kalamazoo,
USA)
IBP (Biomet, Bridgend,
UK)
Souter-Strathclyde
(Stryker, Kalamazoo,
USA)
Kudo (Biomet, South
Glamorgan, UK)

Stilling et
al.(2012)

Sköldenberg
et al. (2011)

Study
design
Copeland HHRI (biomet, Phantom
Warsaw, Indiana)
study
Phantom
study

Type of implant

Author (year)

24

24

15
13

24

98 (12-136)

24

24

24

24

6

-

n/a

n/a
4,51

0,23-0,56*
Valstar
(2002)
0,38-0,76
0,16-0,68
0,41-0,60

0,16
0,24-0,45

0,13-0,34*
Valstar (2002)
0,08-0,23
0,05-0,17
0,07-0,08

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

10,67

0,60-0,88

0,20-0,44

0,86-0,61

0,14-0,20

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

0,85-1,45

Time of followPrecision
Precision
Accuracy
Accuracy
up (months)
translation (mm) rotation (˚) translation (mm) rotation (˚)
0,03-0,10
0,05-0,31
n/a
n/a

16

18

18

32

20

29

21

3

3

N

2
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TMC-joint
(trapezium
component)

Ooms et al.
(2015)

Hansen et al.
(2013)

Elektra screw cup, DLC
polyethylene cup (Small
Bone Innovations,
Les Bruyères, France)
and MOTEC screw cup
(Swemac AB, Linköbing,
Sweden)
Elektra screw cup (Small
Bone Innovations, Les
Bruyères, France)
DLC all-polyethylene
cup (Small Bone
Innovations, Les
Bruyères, France)
SR TMC prosthesis
(Avanta, San Diego,
USA)
Model
based

Marker
based

RCT

Cadaver
Study

Model
based

RCT

Marker
and
Model
based

Animal
study

Hansen et al.
(2011)

Marker
based

Cohort
Study

5

10

-

24

24

-

36

10

0

-

0

-

0,11-0,29

0,26-0,59

0,16-0,73

n/a

0,89-1,83

0,06-0,16

0,28-0,45

0,06-0,26

1,47-3,59

n/a

n/a

n/a

70,15 115,95

0,77-1,28

43,30 123,92

2,32-18,27

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

Time of followPrecision
Precision
Accuracy
Accuracy
up (months)
translation (mm) rotation (˚) translation (mm) rotation (˚)
98 (12-136)
Valstar (2002)
Valstar
n/a
n/a
(2002)

6

10

Marker
based

Phantom
Study

DLC all-polyethylene
cup (Small Bone
Innovations, Les
Bruyères, France)

5

15

N

Model
based

RSA
Method
Marker
based
10

Study
design
Cohort
Study
Model
based

Type of implant

Vander Lugt et Souter-Strathclyde
al. (2010)
(Stryker, Kalamazoo,
USA)
Hansen et al. Elektra screw cup (Small Phantom
(2010)
Bone Innovations, Les
Study
Bruyères, France)
Cohort
Study

Author (year)
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TMC-joint
(metacarpal
component)

Ooms et al.
(2015)

SR TMC prosthesis
(Avanta, San Diego,
USA)

SR TMC prosthesis
(Avanta, San Diego,
USA)
Elektra metacarpal
stem (Small Bone
Innovations, Les
Bruyères, France)

Ten Brinke et
al. (2016)

Hansen et al.
(2010)

Type of implant

Author (year)

Model
based
Model
based
Model
based

Cohort
Study
Cadaver
Study

RSA
Method
Model
based

Phantom
Study

Study
design
Cohort
Study

5

11

10

9

N

-

0

-

0,85-25,65

10,84-24,88
2,10-3,45

0,18-1,52

0,22-0,50
0,19-0,35

n/a

n/a

n/a

n/a

n/a

n/a

Time of followPrecision
Precision
Accuracy
Accuracy
up (months)
translation (mm) rotation (˚) translation (mm) rotation (˚)
60
Ooms et al.
Ooms et al.
n/a
n/a
(2015)
(2015)
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PART II
RSA IN THE TRAPEZIOMETACARPAL JOINT

Chapter 3
Feasibility of model-based Roentgen
Stereophotogrammetric Analysis
to evaluate early migration of the
trapeziometacarpal joint prosthesis
E.M. Ooms, B. ten Brinke, N.M.C. Mathijssen, I.F. Blom,
R.L.M. Deijkers, G.A. Kraan

BMC Musculoskeletal Disorders 2015; 16: 295

ABSTRACT
Background: The purpose of this study was to determine the feasibility of Roentgen
Stereophotogrammetric Analysis (RSA) in total joint arthroplasty of the trapeziometacarpal
(TMC) joint of the thumb.
Methods: In five cadaveric hands the TMC joint was replaced by the Surface Replacement
Trapeziometacarpal prosthesis (SR™ TMC prosthesis; Avanta, San Diego, CA) and tantalum
beads of 0.8 mm were implanted for RSA. RSA radiographs in two directions were made in
ten positions to calculate the measurement error. Migration values from zero are indicative
for the measurement error. The number of detected markers was recorded.
Results: Accuracy analysis showed that for translations the mean measurement error varied
between 0.003 mm (SD 0.057) and 0.055 mm (SD 0.133). For the rotations values ranged
from 0.034° (SD 1.759) to 0.502° (SD 1.617).
Conclusions: RSA of the SR TMC prosthesis is feasible. The measurement error is good for
translations but high for rotations. The latter is due to the close position of the markers
relative to each other.

BACKGROUND
Osteoarthritis (OA) of the trapeziometacarpal (TMC) joint is a disabling disease. The
prevalence of trapeziometacarpal OA is estimated to be 2.2% in women and 0.62% in men. A
high prevalence is found in older women (70–74 years) with an estimate of 5.3%.1 Restoration
of thumb function with a pain free, stable and mobile joint while preserving strength is the
main goal of surgical treatment.2,3 Several implant designs for TMC joint replacement have
been used with variable success rates, but early failure remains an important issue.4,5 These
failures are mainly due to aseptic loosening caused by implant instability.6 A relatively new
prosthesis design, the surface replacement (SR) TMC prosthesis (Avanta, San Diego, CA), is
a resurfacing joint replacement that closely duplicates the anatomy of the articular surfaces
of the first metacarpal and trapezium (Figure 1).7 This prosthesis might perform better in
terms of survival, which is highly dependent on implant stability.8 Clinical reports of the SR
TMC prosthesis however show loosening rates from 0 to 55%.5,9,10

3

Figure 1. The surface replacement TMC Joint prosthesis in front of the TMC joint.

In all studies concerning TMC joint replacement, aseptic loosening is scored when radiolucency
or gross displacement is seen while comparing subsequent radiographs.4,5,11,12 However, this
method is far from accurate. In larger joints, implant stability can be assessed with high
accuracy using Roentgen Stereophotogrammatric Analysis (RSA).13 The usefulness of RSA in
larger joints as the knee and the hip has been shown in two recent systematic reviews and
RSA has become the gold standard for research on prosthesis migration.14–16 Hansen et al.
described the use of RSA in the TMC joint in a phantom study.17 Their research showed that
RSA might be clinically useful for detection of implant loosening up to two years.18 However,
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since only one phantom study and one clinical study have been performed using RSA in the
TMC joint, we may state that the experience is limited in this field. Furthermore, only the
cemented metacarpal cup (DLC cup, Small Bone Innovations Inc.) and the Elektra trapezium
screw cup (Small Bone Innovations Inc) were analyzed by Hansen et al. and not the saddle
formed SR TMC joint prosthesis as used in this study. Moreover, accuracy of rotation values
was poor in the research that has been done so far.17,18
Before new clinical RSA studies should be performed, we first performed an RSA cadaver
study using the SR TMC joint. RSA of the TMC joint can be challenging because of the
limited surgical exposure and the small available bone stock for placement of RSA beads.
Therefore, the purpose of this study was to determine whether RSA is feasible in TMC joint
replacement using the SR TMC prosthesis and if so, what the measurement error is when
using this technique.

METHODS
In five cadaveric hands the TMC joint was replaced by the SR TMC prosthesis according to the
standard implantation technique as described by the manufacturer (Avanta orthopaedics,
San Diego, USA) (Figure 2). Tantalum beads of 0.8 mm were implanted in the trapezium and
first metacarpal bone without the need for extension of the skin incision or extending the
standard surgical exposure. In general, three beads were implanted via the 1 mm drilled
hole for the prosthetic peg and two more were inserted through the exposed radial cortex.
In the first metacarpal two beads were placed in metaphyseal bone as distal as possible via
the reamed intramedullary cavity. Additionally one more bead was inserted in the ulnar
trabecular bone of the metacarpal base and one or two beads were secured in the exposed
radial cortex. The metacarpal prosthesis component was provided with three or four 0.5
mm beads, two at the tip and one or two at the base of the component. Insertion of the
beads was performed with a combined instrument of a 0.7 or 1.1 gauge i.v. needle and the
trocart of a 1.1 gauge spinal needle.
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Figure 2. Implanted SR TMC joint prosthesis

A reversed engineered (RE) three-dimensional surface model of the trapezium component
of the SR TMC prosthesis was prepared for model-based RSA (Introtech, Nuenen, The
Netherlands).19 After the surgical procedure, RSA radiographs were made using a carbon fibre
calibration box (Medis specials, Leiden, The Netherlands) and two synchronized roentgen
tubes. RSA radiographs were performed of all hands in two commonly used positions for
imaging of the TMC joint (Robert view and lateral view). The number of visually detected
markers for each bone or implant was recorded. Of each hand, ten pairs of RSA radiographs
were made. After each radiograph, the hand was replaced and rotated a few degrees. The
radiographs were imported in a software program for model-based RSA (Model-based
RSA 3.11, Medis specials, Leiden, The Netherlands) and the ‘migration’ of the prosthesis
between the RSA radiographs was calculated (Figure 3). All markers (i.e. fiducial, control
and intra-ossal) and the prosthesis were marked manually in both planes. Paired migrations
were performed to calculate the ‘migration’ between all ten positions of each hand. To
obtain the accuracy of the performed technique, mean errors and standard deviations were
calculated for all translations and rotations.
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Figure 3. Model-based RSA scene of the SR TMC prosthesis. The three-dimensional reconstruction shows the
position of the trapezium component (green), markers in the polyethylene metacarpal component (purple) and
the bone markers (first metacarpal and trapezium, red).

The study protocol has been assessed by the regional Medical Ethical Committee (METC
Zuidwest Holland). No ethical approval was necessary, since this study did not fall under the
scope of the Medical Research Involving Human Subjects Act.

RESULTS
For the metacarpal bone, all beads were visible in all positions and in both RSA radiographs.
For the polyethylene metacarpal component, one of the five specimen had an overprojection of the proximal bead by the metal trapezium prosthesis component. If five beads
were used in the trapezium, at least three beads were visible in all positions. The accuracy
analysis showed that for translations the measurement error varied between 0.003 mm (SD
0.057) and 0.055mm (SD 0.133). For rotations, measurement errors ranged from 0.034° (SD
1.759) to 0.502° (SD 1.617). The accuracy analysis is presented in Table 1.
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Table 1. Measurement errors of model-based RSA of the metacarpal and trapezium component of the SR™TMC
prosthesis after repeated measurements of five cadaveric hands in ten different positions.
Metacarpal
component
Mean
SD
Min
Max
Trapezium
component
Mean
SD
Min
Max

Tx (mm)

Ty(mm)

Tz(mm)

Rx (°)

Ry (°)

Rz (°)

0.006
0.098
-0.156
0.152
Tx (mm)

-0.003
0.181
-0.272
0.319
Ty(mm)

0.055
0.133
-0.150
0.225
Tz(mm)

-0.034
1.759
-3.495
2.958
Rx (°)

0.502
1.617
-1.699
3.295
Ry (°)

0.043
1.069
-2.242
0.830
Rz (°)

0.025
0.093
-0.057
0.253

0.003
0.057
-0.077
0.104

-0.034
0.082
-0.117
0.142

-0.148
0.749
-1.272
1.157

-0.045
0.762
-0.703
1.830

-0.474
1.085
-2.666
1.045

SD: Standard deviation; Tx, Ty, Tz: translations along the x-axis (medial- lateral), y-axis (distal-proximal) and z-axis
(posterior-anterior). Rx, Ry, Rz: rotations around the x-axis (flexion-extension), y-axis (internal-external) and z-axis
(abduction-adduction).

3

DISCUSSION
This is the first study in which the accuracy of RSA was measured and analyzed in TMC
joint arthroplasty using the SR TMC prosthesis. In surgical procedures that do not occur
frequently, as TMC joint replacement, the high accuracy of RSA is essential whereas only
small patient cohorts can be achieved to evaluate the effect on prosthetic fixation due
to changes in implant design, addition of coatings, surgical placement technique or new
bone cements.20 As suggested by Valstar et al. validation of the accuracy of RSA systems is
important.16 Therefore, we performed this phantom study on cadaveric hands. The results of
this study can be used for clinical studies on TMC joint arthroplasty. We conclude that with
the amount and the diameters of the tantalum beads as used in this study, RSA radiographs
can be made that could be easily and accurately interpreted. The bead placement does
not influence the extent of the surgical procedure, although a somewhat longer operation
time is inevitable. The reported accuracy of RSA in literature (expressed as the standard
deviations of repeated measurements) ranges between 0.08 and 0.22 mm for translations
and between 0.15° and 0.52° for rotations.21 Regarding the accuracy of RSA in the TMC joint,
standard deviations varied between 0.03 and 0.77mm for translations and 0.40°-13.08° for
rotations in a phantom study.17 In a clinical study the highest standard deviations were 0.25
mm for translations and 12.69° for rotations.18 Measured accuracy in our study is comparable
to previous accuracy results, with respect to the translation. Standard deviations of rotation
values were also high (highest SD 1.759°), but not as high as in the phantom study of Hansen
et al. This could be due to the asymmetrical shape of the SR TMC prosthesis in contrast to
the symmetry along the Y-axis of the Elektra HA stem. The low accuracy of rotation values
in our study is expected to be due to the close position of the markers relative to each
other in the first metacarpal and the trapezium prosthesis component. Further, the high
measurement errors of rotations could be the result of selecting different sets of beads
during the analysis of RSA radiographs, since not all five beads were visible in each direction.
To decrease the measurement error in future (clinical) studies, the distance between the
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markers should be enlarged. Besides, beads should be placed in a triangular fashion in the
metacarpal component, instead of four in a rectangle.
In joint replacement surgery aseptic loosening is the main reason for long-term revision. It
might be caused by wear particles from the articular surface that causes osteolytic activity
around the prosthesis. Another cause of loosening could be insufficient bone-prosthesis
fixation or high stresses on the bone-prosthesis interface due to a bad design of the
implant.4,6,22,23 Aseptic loosening generally starts with micro migration of the prosthesis
relative to the bone in the range of 0.2 to 1.0 mm. Since implant loosening starts with
micro migration, knowledge on migration is important as it could potentially predict future
loosening or gain more insight about implant fixation.24 These insights could possible
contribute to further improvement of TMC prosthesis designs.

CONCLUSIONS
RSA of the SR TMC prosthesis is feasible. The measurement error is low for translations
but high for rotations. The latter is due to the close position of the markers relative to each
other.
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ABSTRACT
Objectives: The primary aim of this clinical and radiostereometric study was to evaluate the
migration pattern of the surface replacement trapeziometacarpal joint prosthesis (SR TMC,
Avanta®, San Diego, CA). The secondary aims were to assess patient-related outcomes and
implant survival five years after surgery.
Methods: Ten patients received the prosthesis. Radiostereometric radiographs were
obtained six weeks, six months, one year and five years postoperatively and were analyzed
using model-based software. All patients completed the Disabilities of the Arm, Shoulder
and Hand (DASH) and Nelson Hospital scores at these follow-up moments.
Results: Mean translations varied between 0.0 and 0.5 mm after five years. Rotation values
could be calculated in six patients and mean rotations varied between −0.3 and 2.3°,
although the precision of rotation measurements was poor. The five-year survival rate was
80%. Mean pre-operative DASH and Nelson Hospital scores were 53 (SD 14) and 51 (SD 13),
respectively. Six months post-operatively, the DASH and Nelson Hospital scores improved
significantly to 25 (SD 20) and 74 (SD 18) and remained high after 5 years.
Conclusion: Implant stability measured using RSA was good after five years of follow-up,
although the accuracy of rotation values seems to be poor. Early migration did not predict
implant failure in this study. The five-year survival rate of the SRTMTMC prosthesis is 80%,
with a high patient satisfaction.

INTRODUCTION
Osteoarthritis (OA) of the trapeziometacarpal (TMC) joint is a common problem that leads
to pain, weakness and adduction deformity of the thumb.1 When conservative treatment
fails, surgical treatment might be considered.2 In the last decades, total joint arthroplasty of
the TMC joint has become an increasingly used procedure for OA of the thumb although the
outcomes of the various implants have been variable.3–5 The surface replacement (SR) TMC
joint prosthesis (SR TMC, Avanta®, San Diego, CA) is a resurfacing prosthesis that closely
duplicates the saddle-shaped anatomy of the TMC joint (Figure 1).
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Figure 1. The SR TMCMC joint prosthesis, Avanta®

It consists of a polyethylene metacarpal component and a trapezium component made of
cobalt chrome.6 Reported loosening rates of the SR TMC prosthesis vary between 0% and
55%, with a maximum follow-up time of 36 months.7–10 In these studies, aseptic loosening
was scored by comparing subsequent radiographs for radiolucency or gross displacement.
However, aseptic implant loosening generally starts with early micromotion, which cannot
be detected with conventional radiographs.11 Early micromotion can be detected accurately
with roentgen stereophotogrammetric analysis (RSA).12,13 Tantalum beads are inserted in
the surrounding bone during surgery. Stereoradiographs are taken direct post-operatively,
using two roentgen tubes placed at an angle of 20° and centered at a calibration box.
RSA-radiographs are analyzed using model-based RSA software, calculating the threedimensional positions of both the bone markers and the prosthesis. Determining the threedimensional position of the prosthesis relative to the surrounding bone at several follow-up
moments makes it possible to calculate migration of the implant that occurred between
follow-up moments. The technique is frequently used to determine early micromotion of
hip and knee prostheses.14,15 However, only two studies have described the use of RSA to
evaluate the early migration of TMC joint prostheses.16,17 In this prospective cohort study,
we evaluated the stability of the SR TMC joint prosthesis using RSA. The primary objective
was to determine the migration pattern of the trapezial component of the TMC prosthesis.
Secondary objectives were the patient-related outcomes and long-term survival of the
prosthesis, with a follow-up time of five years.
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METHODS
Between June and October 2008, ten consecutive patients with OA of the TMC joint received
the SR TMC implant system and were included in this study. All patients were operated by
the same orthopaedic surgeon (R. D.). During surgery, five or six tantalum beads of 0.5 and
0.8 mm diameter were inserted into the trapezium in order to allow RSA measurements.
The study was approved by the local Medical Ethics Committee and written informed
consent was obtained from all patients. Patients had to be 18 years or older and of American
Society of Anesthesiologists (ASA) classification I or II.18 Conservative treatment for OA had
to be failed, the Eaton and Littler stage had to be 2 to early 4. Patients had to be willing and
able to participate in a postoperative rehabilitation schedule and to complete the functional
assessments.19 Exclusion criteria were: severe instability of the TMC joint, non-isolated
TMC OA, previous TMC surgical procedures, recent myocardial infarct or cerebrovascular
accidents, mentally disabled patients, recent major surgical procedure, active infection,
current malignancy, uncontrolled hypertension or a history of alcohol or drugs abuse.
Patients were assessed at six weeks, six months, one year and five years postoperatively. At
each assessment, conventional and RSA radiographs were obtained. RSA radiographs on the
third post-operative day were used as the reference examination. Model- based software
(Medis, RSAcore, Leiden, The Netherlands) was used to analyze the RSA radiographs and
to calculate migration of the prostheses. Migration was defined as translation along and
rotations around the x-, y- and z-axes. Translations were expressed in millimeters and
rotations in degrees. In addition, patients were asked to complete the disabilities of the arm,
shoulder and hand (DASH) and Nelson Hospital Score questionnaires at six months, one year
and five years post-operatively.20,21 The DASH score decreases with functional improvement,
whereas the Nelson Hospital score increases.
Before this study, a cadaver study using the SR TMC prosthesis was carried out to determine
the accuracy of RSA in the TMC joint.22 In this study, the SR TMC prosthesis was implanted in
five cadaveric hands. Ten consecutive RSA radiographs of each hand were obtained with the
hand in ten different positions. To determine the systematic measurement error, defined
as the standard deviation of repeated measurements, ‘migration’ values between the ten
radiographs were calculated. Accuracy analysis showed a systematic measurement error
between 0.06 and 0.13mm for translations and between 1.75° and 1.62° for rotations.
Statistics
The quantitative variables obtained from the DASH and Nelson Hospital questionnaires
were tabulated and analyzed as mean, standard deviation, minimum and maximum scores.
These scores were analyzed using linear mixed models for repeated measurements.23 The
level of significance was set at p < 0.05. For the migration data of the SR TMC implant
system, descriptive analysis was used since the number of patients was not enough to apply
statistical tests.
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RESULTS
Clinical results
There were nine female patients and one male. The five-year survival of the implants was
80%. In two patients, the prosthesis was removed after one and two years, respectively,
because of pain and loss of function. The mean pre-operative DASH and Nelson Hospital
scores were 53 (Standard deviation (SD) 14) and 51 (SD 13), respectively. Six months
postoperatively, the DASH and Nelson Hospital scores improved significantly to 25 (SD 20;
p = 0.003) and 75 (SD 18; p = 0.004), respectively. There were no significant differences
between the scores at six months and five years (DASH p = 0.28; Nelson p = 0.26). All results
are summarized in Figure 2. The mean pre-operative DASH and Nelson Hospital scores of
the two patients who underwent a revision of the prosthesis were 52 and 54. The scores of
these patients did not improve after surgery; their DASH and Nelson Hospital scores after six
months were, respectively, 50 (p = 0.95) and 54 (p = 1.0). Scores one year postoperatively
were 49 (p = 0.93) and 58 (p = 0.82).
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Figure 2. Mean DASH and Nelson Hospital scores of patients pre-operatively and 6 months, 1 year and 5 years after
placement of the SR TMC prosthesis. The error bars represent the standard deviations.

RSA results
One patient received a ‘small’ sized prosthesis. This size could not be analyzed by the RSA
software and therefore migration calculation was not possible in this patient, so that nine
patients were analyzed. In all but two of the RSA radiographs, at least three beads were
visible. One of these two radiographs belonged to the patient who received the small-sized
prosthesis and was not included in the analysis. Rotation values of a second patient could not
be calculated because of a lack of visible markers. Despite the fact that at least three beads
were visible in all other patients, rotation values of four patients could not be calculated
at each follow-up point. In these patients, the visible markers on the first radiograph did
not correspondent to the detected markers on the second radiograph because of over
projection of the markers by the prosthesis. In two patients, the post-operative examination
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could not be analyzed because of motion artefacts and RSA radiographs taken six weeks
postoperatively were used as the reference examination.
The mean translations of the SR TMC joint prosthesis were 0.24 mm (SD 0.94), 0.48 mm (SD
0.67) and 0.00 mm (SD 0.37) for translations along the x-, y- and z-axes after five years of
follow-up. The mean rotation values after five years were 2.3° (SD 7.4), 1.2° (SD 3.1) and 0.3
(SD 9.97) for rotations around the x-, y- and z-axes. The translation and rotation patterns are
shown in Figures 3 and 4.

Figure 3. Mean translation of the SR TMC prosthesis after placement in nine patients with OA of the TMC joint. The
error bars represent the standard deviations.

Figure 4. Mean rotation of the SR TMC prosthesis after placement in nine patients with OA of the TMC joint. The
error bars represent the standard deviations.

64

CHAPTER 4

DISCUSSION
Radiostereometric studies investigating prostheses in the upper extremity with a long-term
follow-up are scarce. To gain more insight into migration patterns of orthopaedic implants
in the upper limb and into the predictive value of early migration for long-term outcomes
it is important to expand RSA research in this field. To the best of our knowledge, this is the
first study using radiostereometry to analyze the migration pattern of the saddle-shaped SR
TMC prosthesis.
In a previous study by Van Rijn and Gosens, 15 SR TMC joint prostheses were implanted and
one failure occurred.10 No radiographic loosening was described. Perez-Ubeda et al. noted a
revision rate of 20%, comparable with our results.9 Nisar et al. followed 72 prostheses with
a mean follow-up time of 36 months.7 Six prostheses were revised and lucencies were seen
on plain radiographs in eight additional joints, without loss of function.
One clinical RSA study regarding the TMC joint has been published by Hansen and Stilling.17
In this study, migration of the uncemented Elektra screw cup and the cemented DLC allpolyethylene cup (both manufactured by Small Bone Innovations Inc., Les Bruyères, France)
were compared. Mean total translations of 0.80 mm (SD 2.0) for the uncemented Elektra
screw cup and 0.36 mm (SD 0.43) for the cemented DLC all-polyethylene cup were found
after two years of follow-up. Translation results were comparable with the translations
found in the present study after six weeks, six months and one year. Translation results
with a follow-up time of five years have not been described in literature before. Hansen
and Stilling suggest that implants with a translation of above 1 mm could be regarded as
loose implants. In our study two prostheses were revised, of which one translated more
than 1 mm after one year. However, in three non-revised prostheses, there was a translation
of more than 1 mm, without loosening or any symptoms. Therefore, the cut-off point for
implant loosening, as suggested by Hansen and Stilling, has to be studied further. Hansen
and Stilling did not measure rotations because of a poor accuracy. In our study, we found
increased rotation values after five years with high standard deviations. In spite of these high
rotation values, the DASH and Nelson Hospital scores were still good. Looking at one of the
outliers, a rotation of 13° was found, although the DASH and Nelson Hospital scores were
still excellent after five years (9 and 96, respectively). Given the high standard deviations,
the precision of rotation values seems to be poor. The reasons for this poor precision could
be the small size of the bone and the low number of markers.24 Because of the close position
of the markers relative to each other and to the prosthesis, not all the markers were visible
in all radiographs. In five patients, rotation values could not be calculated in all radiographs
due to a lack of detectable markers or because visible markers on the first radiograph did
not correspond with the visible markers on the second radiograph. Calculating migration
using different sets of beads obviously leads to high measurement errors. For future RSA
studies of the TMC joint, we recommend the insertion of additional markers. To prevent
over projection by the trapezial component of the prosthesis, beads should be placed as far
as possible from the prosthesis and more proximally in the trapezium to have at least three
markers visible in both RSA radiographs.
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Regarding the knee and the hip joint, a relation between early migration and future
implant loosening has clearly been demonstrated in two systematic reviews.14,15 Total knee
prostheses with a migration between 0.5 mm and 1.6 mm in the first year postoperatively
were at risk for future loosening.15 In total hip arthroplasty, cups with a translation between
0.2 mm and 1.0 mm in the first year postoperatively were considered to be at risk.14 In our
study, no relation between early migration and future loosening could be demonstrated for
the SR TMC prosthesis, since the number of patients in this study was too small to show
significant differences between the migration of the two revised prostheses and the nonrevised prostheses. Despite the low patient numbers, the migration rates of the revised and
non-revised prostheses appear to be similar in both groups. One may therefore argue that
micromotion of the SR TMC prosthesis is not predictive for future loosening with a followup time of five years. However, the number of patients included in this study is small and
a follow-up time of five years is relatively short. In a study by Martin-Ferrero with a followup time of ten years in 64 patients with unconstrained uncemented ARPE arthroplasties
(Biomet, Spain Orthopedics SL, Valencia, Spain), the survival of implants decreased only
after five years.25 Therefore, it would be valuable to reassess this cohort after ten years to
investigate whether there is a relation between early migration and future loosening.
The DASH and Nelson Hospital scores improved significantly six months after surgery.
Franchignoni et al. described a minimal clinically important difference (MCID) of 10.8 points
for the DASH score.26 In our study, an increase of 28 points was measured in the first six
months postoperatively. No further improvement in DASH and Nelson Hospital scores was
seen after one and five years. In two patients who underwent a revision of the prosthesis,
the DASH and Nelson Hospital scores did not improve postoperatively. Therefore, one may
argue that the DASH and Nelson Hospital scores after six months are predictive for patientrelated outcomes in the long term.

Conclusion
Implant stability measured using RSA was good after five years of follow-up, although the
accuracy of rotation values seems to be poor. Early migration did not predict implant failure
in this study. The five-year survival rate of the SRTMTMC prosthesis is 80%, with a high
patient satisfaction.
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ABSTRACT
Background: The aim of this study was to determine long-term survival and clinical outcomes
of the surface replacement trapeziometacarpal joint prosthesis (SR TMC) and to evaluate
implant migration using radiostereometric analysis (RSA).
Methods: In this clinical long-term follow-up study outcomes of ten patients who received
the SR™TMC joint prosthesis were evaluated using the Disability of the Arm, Shoulder and
Hand (DASH) and Nelson scores, Visual Analogue Scale (VAS) of pain, and key pinch strength.
RSA-radiographs were obtained direct postoperatively and six months, one year, five years
and ten years postoperatively and were analyzed using model-based RSA software.
Results: During follow-up, two early revisions took place. Mean pre-operative DASH and
Nelson scores were 54 (SD 15) and 54 (SD 17), improved significantly after six months (DASH
25 (SD 20), Nelson 75 (SD 18)) and remained excellent during long-term follow-up in all
patients with a stable implant. At final follow-up, clinical scores deteriorated clearly in two
patients with a loose implant in situ.
Conclusions: Long-term survival of the SR™TMC joint prosthesis is relatively poor. However,
clinical outcomes improved significantly in the short-term and remained excellent in
the long-term in those patients with a stable implant, but deteriorated clearly in case of
loosening. The role of RSA in TMC joint arthroplasty is potentially valuable but needs to be
further investigated. Several challenges of RSA in the TMC joint have been addressed by the
authors and suggestions to optimize RSA-data are given.

INTRODUCTION
The two most widely used surgical procedures for the treatment of osteoarthritis (OA)
of the trapeziometacarpal (TMC) joint are the trapeziectomy and TMC joint arthroplasty.
In recently published research it is hypothesized that TMC joint arthroplasty is superior
compared to trapeziectomy in terms of pain, strength, range of motion (ROM), satisfaction
and recovery.1–5 However, most studies present short-term follow-up and thus long-term
data are of interest.
Previously, our group presented the five-year results of a radiostereometric analysis (RSA)
of the Surface Replacement (SR) TMC joint prosthesis (SR TMC, Avanta®, San Diego, CA).6
This study showed a survival of eight out of ten prostheses with satisfying clinical outcomes.
The experience with RSA in the TMC joint is limited: two experimental and two small clinical
studies have been published up to now.6–9 These studies have learned us that RSA of the
TMC joint is feasible with high precision for translations, but that precision for rotation
measurement is poor. Long-term RSA studies of the TMC joint have not been published
before and thus long-term migration data of TMC joint prostheses are unknown.
The aim of the present study is to determine long-term survival and clinical outcomes of
the SR TMC joint prosthesis ten years after placement and to evaluate the migration of the
prosthesis during follow-up.

METHODS
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Design and participants
Ten consecutive patients (nine women) with OA of the TMC joint received an SR TMC joint
prosthesis between June and October 2008 and were prospectively followed with a followup time of ten years. Details of the original study are described in our previous paper.6 All
participants of our previous study with the prosthesis in situ were invited to visit our clinic to
undergo clinical and RSA examination and to complete patient reported outcome measures
(PROMs).
Clinical outcomes
To evaluate clinical outcomes, patients were asked to complete the Dutch version of the
Disabilities of the Arm, Shoulder and Hand (DASH) and the Dutch translation of the Nelson
Hospital Score.10,11 The DASH score decreases with functional improvement, whereas the
Nelson Hospital score increases. Further, the Visual Analogue Scale (VAS) ranging from 0 to
100 was used to evaluate pain. Unlike in our short-term study, lateral pinch strength (key
pinch) was measured at long-term follow-up (Mechanical Pinch Gauge, Sammons Preston,
Bolingbrook, IL).
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Radiostereometric analysis
RSA radiographs were obtained using two synchronized roentgen tubes (DigitalDiagnost
and the MobileDiagnost wDR (Philips, Best, The Netherlands)) positioned 1.2 m above the
roentgen detector. The palm of the hand was placed on top of a Perspex calibration box
(Medis, Leiden, the Netherlands). For each patient, all available RSA acquisitions were used
to calculate migration with a model-based approach (Model-based RSA software version
4.2, RSAcore, Leiden, The Netherlands). Migration is defined as translation (T; in mm) of
the trapezium component with respect to the trapezium bone along the radial-ulnar (Tx),
proximal-distal (Ty) and volar-dorsal (Tz) axis (Figure 1).

Figure 1. Detail of a model-based RSA scene analyzing migration of the SR TMC joint prosthesis. Three bone
markers (red spheres) show a poor three-dimensional spatial distribution (CN 1016) resulting in poor rotational
precision. The arrows indicate the three-dimensional coordinate system. Positive migration along the X-, Y-, and
Z-axis indicates radial, distal and dorsal translation of the prosthesis with respect to the trapezial bone.

Migration at all available follow-up moments was calculated with respect to the reference
RSA acquisition taken direct postoperatively. In order to include as much data as possible,
translations were calculated using the three-dimensional model of the implant as the
reference object and the center of gravity of the bone markers as migrating object. As much
as possible identical bone markers that could be detected in the RSA radiographs and meeting
the International Organisation of Standardization (ISO) criterion for marker stability (Mean
error (ME) < 0.35 mm) were used for translation measurements, even if the rigid body did
not meet the ISO criterion for acceptable three-dimensional distribution (Condition Number
(CN) < 150).12 The occluded markers model was applied to include bone markers not visible
in particular RSA radiographs.13 The calculated translations are multiplied with − 1 to express
the results as translations of the implant with respect to the bone. Total translation (TT,
mm) was calculated using the Pythagorean theorem (√ (Tx2 + Ty2 + Tz2)). Rotations were
considered as inaccurate and not reported.
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For all patients attending the ten-year follow-up, a double RSA examination was acquired to
determine the precision of the technique. Precision was defined as 1.96 x standard deviation
(SD) of ‘migration’ between two examinations taken at ten-year follow-up.
Statistical analysis
Descriptive analysis was used to give an overview of survival rate. In order to investigate
differences in DASH and Nelson scores a Wilcoxon signed-rank test was used. VAS pain
scores, key pinch grip and migrations were described using descriptive analysis.

RESULTS
Survival
Mean age at ten-year follow-up was 72 years (Range: 59-82). As reported in our previous
paper two patients (patient 1 and 3) underwent a revision respectively two and three
years postoperatively because of persistent pain, without radiological signs of loosening.
In one patient, progressive scaphotrapezial OA was seen on conventional radiographs. In
the other patient, the reason for persistent pain remained unclear. A trapeziectomy was
performed in both patients. During revision surgery, both implants turned out to be well
fixated. No additional prostheses were revised during follow-up. However, at ten-year
follow-up two prostheses were clinically suspicious for loosening (patient 5 and 9), based on
pain and loss of function. Single photon emission computed tomography (SPECT) showed
increased uptake of technetium around the implant in both patients, indicating loosening.
Conventional radiographs did not show any signs of loosening. Both patients were treated
conservatively with a splint.
Clinical outcomes
Of the ten patients enrolled in this study, eight patients with the prosthesis in situ completed
ten-year follow-up. Mean pre-operative DASH and Nelson Hospital scores were 54 (Standard
deviation (SD): 15) and 54 (SD 17). We previously found a statistically and clinically significant
improvement in mean DASH and Nelson scores after six months (DASH 25 (SD 20), p = 0.04;
Nelson 75 (SD 18), p = 0.02). Scores did not further improve or deteriorate between six
months and five years (15 (SD 18), p = 0.4; 84 (SD 19), p = 0.4) nor between six months and
ten years (20 (SD 23), p = 1.0; 87 (SD 18), p = 0.3). VAS pain scores varied from 0 to 3 in rest
and from 0 to 44 during activity on a 100-points scale in patients without clinical suspicion
of loosening. As expected, DASH, Nelson and VAS pain scores worsened substantially in both
patients with a suspicion of a loosening. Key pinch strength was remarkable high in our
study population. Clinical scores are summarized in Table 1 and Figure 2.

LONG-TERM MIGRATION AND CLINICAL OUTCOMES IN TMC JOINT ARTHROPLASTY

75

5

Table 1. Patient characteristics and clinical results ten years after implantation of the SR TMC joint prosthesis.
Patient ID
1a
2
3a
4
5b
6
7
8
9b
10

Age at
surgery
64
67
70
59
56
61
49
59
58
72

Sex

Side

VAS pain (rest)

F
F
F
M
F
F
F
F
F
F

L
R
R
R
L
R
R
L
L
R

.
3
.
0
75
0
2
0
45
1

VAS pain
(activity)
.
20
.
0
74
0
44
0
66
1

Key pinch strength
(kg)
.
6
.
13
3
9
9
8
4
3

a) patients who underwent revision surgery; b) patients with loose implant at ten-year follow-up

Figure 2. Median DASH and Nelson scores in ten patients with the SR TMC joint prosthesis. Median DASH and
Nelson scores are indicated by the curve. Single patients are expressed as markers. Patients with a loose implant
are expressed as orange (patient 5) and red (patient 9) diamonds.
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RSA results
Of the eight patients who completed ten-year follow-up, RSA radiographs were taken in
seven patients. One patient received a ‘small’ sized implant, of which no Computer-aided
design (CAD) model was available in the software and thus RSA radiographs were not
acquired. Double examinations could be used in six patients to determine precision of RSA.
One patient had not enough markers visible in the double examination. Precision values of
translations along the x-, y- and z-axis are given in Table 2.

Table 2. Precision measurement using double examinations in six patients with the SR TMC joint prosthesis in situ.
Min
Max
Median
Mean
SD
Upper 95% CI

Tx
-0.09
0.08
0.01
0.01
0.06
0.14

Ty
-0.01
0.13
0.02
0.03
0.05
0.13

Tz
-0.15
0.12
0.01
0.00
0.10
0.20

Total translation
0.04
0.19
0.11
0.11
0.06
0.22

SD: standard deviation; CI: confidence interval; Tx, Ty, Tz: translation along the x-, y- and z-axis

In four patients we were able to calculate translations of the implants up to ten years
of follow-up. In the other patients, translations were calculated up to the last follow-up
moment with analyzable RSA radiographs, but not up to ten years postoperatively because of
revision of the implant (n = 2), lack of visible bone markers (n = 1) or unstable bone markers
(ME > 0.35, n = 2). An overview of all translations is shown in Figure 3. A stable migration
pattern was seen in three implants. In one of the patients clinically suspicious for implant
loosening (patient 9) RSA confirmed increased migration of the implant (Figure 3), despite
negative conventional radiographs. In the second patient with a clinically suspicious loose
implant (patient 5) RSA radiographs could not be analyzed because of unstable markers.
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Figure 3. Median translations along the X-, Y- and Z- axis and Total Translation of the trapezium component of the
SR TMC joint prosthesis with respect to the trapezium bone during 10 years of follow-up. Median translation values
are indicated by the curve. Single patients are expressed as markers. Patients with a loose implants (patient 5 and
9) are expressed as red diamonds.

DISCUSSION
In this first long-term RSA-study of the TMC joint we present ten-year survival rate, clinical
outcomes and migration of the SR TMC joint prosthesis. After ten years of follow-up, two
out of ten prostheses were revised and two additional loose implants were found at the tenyear follow-up moment. Long-term survival is worse compared to recently published longterm results of the Roseland®, ARPE®, Ivory® and Rubis II prostheses, varying from 85 to
95%.14–19 This is mainly explained by two early revisions. Migration analysis of these implants
showed a stable fixation of the trapezium component in the first 12 months postoperatively
and both implants turned out to be well fixated during revision surgery. Therefore, both
revisions were not considered as loose implants. No additional implants were revised during
further follow-up. However, at ten-year follow-up, two patients (patient 5 and 9) had clinical
signs of loosening including pain and loss of function. Clinical suspicion was supported
in patient 9 by RSA as we found the implant migrating substantially, while conventional
radiographs did not show any sign of loosening. Loosening could not be confirmed by RSA
in patient 5 since analysis of the RSA radiographs was inaccurate as a result of unstable
markers.
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Six patients were highly satisfied with high DASH and Nelson scores and low VAS pain scores.
Especially key pinch grip was high in these patients and comparable with pinch grip in the
normal population corrected for sex and age.20 These satisfying results are comparable with
previously published long-term results.14–19
Several studies have been published comparing total joint arthroplasty with trapeziectomy,
but only reporting short-term results.1–5 Jager et al. described higher satisfaction, mobility,
strength, pain reduction and functional scores in favor of the MAIA® total joint prosthesis.1
Robles-Molina et al. reported similar pain relief and functional improvement, but superior
pinch strength and range of motion in the ARPE group.2 Besides a significantly better ROM,
pinch strength, DASH, pain relief and satisfaction, Cebrian-Gomez et al. described a faster
return to work in the Ivory prosthesis group.3 Unlike the results of Cebrian-Gomez et al.,
Thorkildsen and Røkkum did not find any significant difference in DASH scores between
TMC joint arthroplasty and trapeziectomy but did find better motion and strength in the
prosthesis group.4 On the other hand, most studies show higher complication and revision
rates in total joint arthroplasty. Taking this into consideration, together with the assumed
higher costs of TMC joint arthroplasty in comparison with trapeziectomy, the optimal
surgical treatment for TMC joint OA remains a topic of debate. In our opinion further
research should be done to investigate which individual patients do actually have benefit
from the described advantages of total joint arthroplasty and which do not.
Worth noticing is that all controlled trials comparing trapeziectomy and total joint arthroplasty
have investigated ball-and-socket design implants and not saddle-shaped SR implants as
used in this study. The SR TMC joint prosthesis has been developed to preserve normal
anatomy and kinematics of the thumb, striving for better survival.21 Although controlled
trials comparing the two implants have not been performed, short-term survival of the SR
implant appeared to be inferior to ball-and-socket implants whereafter the prosthesis was
withdrawn from the market.22 Apart from our study, no long-term results of the SR TMC
joint prosthesis are available to compare with long-term results of ball-and-socket designs.
Given the lack of long-term survival data and the absence of controlled studies, no firm
conclusions can be drawn about superiority of one of both implants in the long term.
Concerning the role of RSA in TMC joint arthroplasty scientific support is limited. RSA studies
analyzing TMC joint prostheses are sparse and patient cohorts are small. Furthermore, the
technique faces some significant challenges that have to do with the small size of the joint.
As in previously published studies, it was not possible to calculate rotations of the implant
in our study. The main reason for this is the lack of stable (ME < 0.35), sufficient (N > 2)
and well three-dimensional spread (CN < 150) markers. Using marker rigid bodies containing
unstable and poor spread markers results in large and incorrect rotations. Simply ignoring
these rotations is not the right strategy since rotations do affect translation calculation.
An incorrect rotational alignment of the reference model can lead to incorrect rotations
and hence inaccurate translation measurement. This effect of rotation on translation is
explained by Beardsley et al. and Van Hamersveld et al.23,24 Therefore, striving for a well
three-dimensional spread and stable rigid body as a reference for migration calculation
is still important, even if rotations are left out of consideration. However, the small size
of the surrounding bone makes it difficult to ensure this in the TMC joint. In cases were
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RSA data cannot be analyzed due to said reasons the alternative strategy of reversed
migration calculation as applied in this study may be a better option for two reasons. First,
when the implant is used as the reference model, RSA scenes with only two bone markers
can be used for translation calculation. The reference model can be used to correct for
the different positions of the TMC joint with respect to the calibration cage in different
RSA acquisitions. With only two markers in the reference model, this cannot be accurately
done since two markers create a line around which the implant model can be rotated 360
degrees, resulting in potentially inaccurate migrations. Secondly, for marker rigid bodies
with a CN > 150 similar issue arises. The higher the CN, the more the markers in the rigid
body are aligned in a column like fashion, resulting in similar rotational inaccuracies as
described above (Figure 1). The strategy of reversed migration calculation will not solve
all marker-related problems but does allow for more data to be analyzed. Furthermore, an
improvement can be expected in translation measurements when marker rigid bodies have
a high CN.
To avoid the problem of invisible or unstable markers, an RSA methods based on Computed
Tomography (CT) has been developed with comparable accuracy and precision to that of
RSA of the hip.25 More recently, Broden et al. described the use of a CT-based method to
calculate migration of shoulder implants.26 In an experimental setting, accuracy and precision
were comparable to that of RSA with similar effective doses. Given the mentioned markerrelated problems, accuracy and precision of CT-based migration calculation is worth to be
investigated in the TMC joint.
Considering the proved predictive value of early migration in hip- and knee arthroplasty
for future loosening, RSA plays an important role in the introduction and surveillance
of orthopedic implants.27–29 However, the relation between early migration and future
loosening has not yet been proved in other joints than the hip and knee. If existent, this
relation will be difficult to demonstrate in TMC joint arthroplasty because of small patient
numbers. Thus, the question arises ‘What to do with RSA in the TMC joint?’
An important principle in total joint replacement is to strive for the best possible fixation of
implants into the surrounding bone. Although the predictive value of early migration of TMC
joint implants is unclear, RSA remains the most accurate method available to assess implant
migration and fixation. Comparing different implant designs, RSA may play an important
role in the early distinction of good and bad performing implants preventing implants with
suboptimal fixation coming into the market.
A not so often discussed feature of RSA is the use of the technique as a diagnostic tool
in individual cases. In daily practice, confirming clinical suspicion of loosening may be
challenging, expensive and time consuming. Generally, the first step in the diagnostic
algorithm of implant failure is taking conventional radiographs. However, the value of
conventional radiographs in diagnosing loosening is limited.30 Magnetic Resonance Imaging
(MRI) and CT scans to assess implant loosening are more expensive and generally difficult
to read because of metal artefacts.31 Additional bone scintigraphy and SPECT may be helpful
but are expensive and time consuming.
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In our study we found two patients with clinical symptoms of loosening. Conventional
radiographs did not show signs of loosening, while RSA enabled us to easily confirm implant
migration in one of both patients. Although the numbers in this study are too small to come
to conclusions, future research comparing diagnostic accuracy and cost-effectiveness of RSA
versus other diagnostic modalities in the detection of implant loosening could be interesting.
The diagnostic value of RSA could be investigated in patients who are already involved in
RSA studies and could undergo both RSA examinations and other diagnostic tests in case
of loosening. Alternatively, tantalum beads could be implanted in new patient cohorts
undergoing total joint arthroplasty. After obtaining two postoperative RSA radiographs as
reference and to demonstrate stabilization of implants, RSA radiographs could be repeated
in case of clinically suspicion of loosening during follow-up.

CONCLUSION
Long-term survival of the SR TMC joint prosthesis is relatively poor. Clinical outcomes
improved significantly in the short-term and remained excellent in the long-term in those
patients with a stable implant, but deteriorated clearly in case of loosening. The role of RSA
in TMC joint arthroplasty is potentially valuable but needs to be further investigated.
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PART III
RSA IN THE ELBOW JOINT

Chapter 6
Long-term outcomes after
Instrumented Bone Preserving
total elbow arthroplasty: a
radiostereometric study with a
minimum follow-up of 10 years

B. ten Brinke, N.M. Kosse, P.E. Flikweert, M. van der Pluijm, D. Eygendaal
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ABSTRACT
Background: Aseptic loosening is a main concern in elbow arthroplasty. Evaluation of
implant migration using radiostereometric analysis (RSA) might increase understanding of
implant loosening. Previously, two-year RSA results of 16 Instrumented Bone Preserving
(IBP) elbow prostheses showed migration of the humeral component in the first weeks
but stabilization of most components within six months postoperatively. The present study
evaluated long-term survival, the relation between early migration and survival and the
long-term migration and clinical outcomes.
Methods: Sixteen patients who received an IBP prosthesis were prospectively followed with
a median follow-up time of 136 months (range 82 – 165). Migration was measured using
RSA. Clinical results were described using the Elbow Function Assessment (EFA), Broberg
and Morrey Elbow Functional Rating Index (EFRI), Oxford Elbow Score (OES) and Visual
Analogue Scale (VAS) for pain and satisfaction.
Results: Four patients underwent a revision within ten years, two more were planned for
revision surgery after 14 years. Five patients died during follow-up with their prosthesis in
situ. Early migration was not associated with implant survival. Long-term migration patterns
varied widely. Median EFA score was 58.5, EFRI was 50 and OES was 32. Median VAS score
for pain was 2 and 7.5 for satisfaction.
Conclusion: Ten-year survival of the IBP total elbow prosthesis was 75%, decreasing to 63%
after 14 years of follow-up. Long-term implant failure could not be predicted by two-year
migration results in this study. Although short-term clinical results were promising, longterm outcomes worsened in all patients.

INTRODUCTION
Total joint replacement has become an accepted treatment option for symptomatic
osteoarthritis (OA) or rheumatoid arthritis (RA) of the elbow joint. Several total elbow
implant designs have been developed and show ten-year survival rates varying between 64
and 91%.1–5 Although survival rates are improving, they do not match the long-term survival
results of hip and knee arthroplasty and aseptic loosening is still one of the main concerns
in replacement of the elbow joint.6 The Instrumented Bone Preserving Elbow System (IBP;
Biomet Merck Ltd, Bridgend, United Kingdom) was introduced in 2001. This implant was
designed to preserve intercondylar bone and to improve initial fixation and stability of the
implant.7 Kleinlugtenbelt et al. described one implant failure in 19 patients together with
satisfactory short-term clinical results.8 However, ten-year follow-up data showed increased
revision rates up to 25%.1 These data demonstrate the necessity to improve implant survival
and to expand the knowledge about the process of loosening in elbow arthroplasty.
Numerous studies have been performed to assess migration of prostheses using
radiostereometric analysis (RSA). RSA enables accurate migration measurement in small
patient cohorts.9,10 In primary total hip arthroplasty (THA) and total knee arthroplasty (TKA),
early implant migration is related with long-term implant failure resulting in revision.11–13
This technique could therefore be of great interest in elbow arthroplasty. However, RSAstudies in this field are scarce. Based on the precision of RSA in the knee joint, Valstar et al.
hypothesized that elbow implants at risk for loosening had more than 0.4mm translation
and/or 1 degree of rotation two years postoperatively.14 However, long-term outcomes of
this cohort showed that these cut off scores did not predict implant loosening.15
Previously, our group presented the two-year results of an RSA study with 16 IBP elbow
prostheses.7 The results revealed a stable fixation in 14 out of 16 implants after two years. In
contrast to knee and hip prostheses, there is currently no information available concerning
the relation between early migration of elbow implants and survival. Therefore, the aim
of the present study was to determine the long-term survival rate of the IBP total elbow
prosthesis, to investigate a possible relation between early migration and long-term survival
and to evaluate the migration of the humeral component of the prosthesis and the clinical
and functional outcomes in the long-term with a minimum follow-up period of 11 years.

METHODS
Design and participants
This study is a follow-up study of a single-centre prospective study performed between June
2003 and February 2006. Sixteen patients (12 women, 4 men) received a unilateral IBP total
elbow prosthesis (Biomet Merck Ltd, Bridgend, United Kingdom) in the Sint Maartenskliniek,
Nijmegen. Details of the original study are described in the previously published paper
by DeVos et al.7 Patients with the prosthesis still in situ and alive were invited to visit the
outpatient clinic of the Sint Maartenskliniek in Nijmegen. Patients underwent a clinical
examination and were asked to fill out patient reported outcome measurements. RSA
radiographs were obtained.
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All included patients gave their written informed consent to participate in this study. Ethical
approval was given by the Medical Ethics Review Committee of Slotervaart en Raede
(NL59132.048.16) and the local hospital’s investigation board.
Survival
Survival data of all 16 patients could be obtained. We defined two endpoints to describe
survival: 1) ‘failure’ defined as the revision of the humeral component of the IBP total elbow
prosthesis and 2) ‘died’ defined as dead with the prosthesis in situ.

Figure 1. Number of Instrumented Bone Preserving prostheses in situ, the number of patients that died (with the
prosthesis in situ) and the number of revisions, over the years.

Radiological assessment
RSA radiographs were taken using a Digital Radiography (DR) system (Digital Diagnost
Valueroom (2014) and MobileDiagnost wDR (2014)) and 2 synchronized roentgen tubes
positioned 1.1 meter above the X-ray cassette. A perspex calibration box was placed under
the elbow. Migration, defined as translations (T; in mm) and rotations (R; in ˚), is the change
in position and orientation of the humeral component with respect to the distal humerus
over time around the medial-lateral (x), proximal-distal (y) and anterior-posterior (z) axis.
Migration was calculated by comparing the current position of the implant with the position
directly after the operation (the reference radiograph). Migration results are presented as
total translation (TT=√(Tx2 + Ty2 + Tz2)) and total rotation (TR=√(Rx2 + Ry2 + Rz2)). The maximum
acceptable condition number (CN) was 150. The maximum mean error (ME) of rigid body
was 0.42. Compared to the previous study, new model-based RSA-software (Model-based
RSA, RSAcore, Leiden, The Netherlands) was used. Therefore, both the reference radiographs
and the radiographs taken 24 months postoperatively were recalculated.
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Clinical outcomes
Clinician reported outcome measures included the passive range of motion (ROM) in flexionextension and pronation-supination, the Elbow Function Assessment (EFA) and the Broberg
and Morrey Elbow Functional Rating Index (EFRI). The EFA ranges from 0 to 100 points and
includes patient-reported pain, activities of daily living (ADL) and ROM and the EFRI ranges
from 0 to 100 points.
Patient reported outcome measures included the Oxford Elbow Score (OES) and the visual
analogue scale (VAS) to evaluate pain and patient satisfaction. The OES ranges from 0 to 48
and contains 12 questions concerning elbow function, pain and social-psychological items.
The VAS ranges from 0 to 100. For all scores, higher scores indicate better outcomes, except
for the VAS pain scores.
Statistical Analysis
Descriptive statistics were used to give an overview of patient characteristics, survival and
the predictive value of early migration for implant failure. In addition, a Mann-Whitney U
test was performed in order to investigate the differences in two-year migration between
participants with and without a revised implant. Given the small number of patients, clinical
results were reported using descriptive analysis.

6

Figure 2. Total translation of the Instrumented Bone Preserving total elbow prosthesis during follow-up.
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Figure 3. Total rotation of the Instrumented Bone Preserving total elbow prosthesis during follow-up.

RESULTS
Eleven of the 16 patients who completed the two-year follow-up, where still alive at the
time of the present study, seven patients with their prosthesis in situ. Six of them were
willing to participate in this study. Four patients visited the hospital between December 2016
and April 2017 at a median follow-up time of 145.5 months (range 134-165). Two patients
were unable to visit the hospital but filled out the patient reported outcome measures.
The median age of the six participating patients was 77 years (range 58-87) at the time of
research activities, including one man and six women.
Survival
Four patients underwent a revision within ten years of follow-up. The median time to
revision was 95.5 months (range 59-129). Five patients died with their prosthesis in situ.
Figure 1 presents an overview of the survival of the prostheses over the years.
RSA results
In four patients who underwent a revision, median total translation (TT) and total rotation
(TR) was 0.2mm (range 0.1-0.8) and 1.3˚ (range 0.2-3.5) 2 years postoperatively. In 11 nonrevised patients median TT and TR was 0.7mm (range 0.1-7.9) and 2.0˚ (range 0.3-5.6).
There was no difference in the amount of migration between the revised and non-revised
prostheses (TT: p = 0.07; TR: p = 0.50). Two patients with a prosthesis that was classified
as unstable after two years of follow-up did not undergo a revision of the implant. One
patient died after a follow-up time of 68 months with the prosthesis in situ. The second
patient did not undergo a revision despite of poor VAS satisfaction and OES scores ten years
postoperatively. Long-term migration patterns varied widely between the four patients
(Table 1, Figures 2 and 3). We found high migration values in one patient (patient 6) who
suffered a posttraumatic periprosthetic fracture of the lateral epicondyle just before the
outpatient visit. Further, loosening of the humeral component was shown in patient 13.
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Clinical outcomes
Clinician reported outcome measures were completed in four patients. Six patients
completed the patient reported outcome measures. Results varied largely among the
participants (table 1). Compared to the two-year follow-up, EFA, EFRI and OES scores
decreased in all patients and approached the preoperative situation.
During clinical assessment, two patients (2 and 13) were found to have a loose prosthesis
and were put on the waiting list to undergo a revision. One because of loosening of the ulnar
component and one because of loosening of the humeral component with a spontaneous
fracture of the lateral epicondyle. Another patient (6) had suffered a posttraumatic
periprosthetic fracture of the lateral epicondyle just before the outpatient visit. This patient
was treated conservatively. The given clinical scores of this patient concern the clinical
situation just before the fracture. One patient (9) had a known malaligned prosthesis and
although two-year VAS pain scores, EFA and EFRI scores were excellent, long-term outcomes
worsened substantially.

DISCUSSION
The aim of the present study was to report the long-term survival rate of the IBP total elbow
prosthesis, to investigate the predictive value of early migration for long-term implant
survival and to evaluate long-term migration and clinical outcomes.
The survival rate of the IBP prosthesis was 75% after ten years of follow-up. This is in line
with previous studies concerning elbow joint replacement reporting ten-year survival rates
between 70.7% and 90%.1–3,16–20 Survival rates decreased to 62.5% after 14 years of followup, which is slightly worse compared to recently published long-term survival ranging
between 70.6% and 99%.3,20,21 However, these studies were retrospective or register-based.
Actively inviting patients to our clinic, leading to two additional revisions, might explain the
higher revision rate.
Although this study is underpowered to demonstrate a relation between early migration
and survival, a descriptive analysis is performed to investigate any possible relation. In
accordance with the results of Van der Lugt et al, who described the long-term follow-up of
18 Souter-Strathclyde elbow prostheses, our data do not support the existence of a relation
between early migration and long-term implant survival.14 It should be noted, though, that
implant failure is often defined as implant revision. However, there might be several reasons
why loosening of elbow prostheses does not always lead to revision. First, loosening does
not always result in clinically relevant symptoms of the elbow. In this study, two patients
turned out to have a loose prosthesis during research activities and were planned for an
implant revision. Asymptomatic loosening could partially be explained by the fact that
compared to the hip and knee joint, the elbow is mechanically less stressed during the day.15
Second, patients found to have a loose implant might decide to reject a revision because
of high age, comorbidity or a less-demanding lifestyle. Finally, patients are able to spare
the affected elbow using the contralateral arm, which theoretically reduces the need for
revision. Considering these aspects, long-term survival defined as revision of the implant
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might not be the right endpoint to study the relation between early migration and long-term
survival in elbow arthroplasty. In future research to the predictive role of early migration for
long-term outcomes, the endpoints of survival should be reconsidered and more focused on
clinical outcomes instead of revision alone.
Clinical results in our study worsened substantially over time, which is in line with Dalemans
et al, who found a deterioration of clinical outcomes after 174 months of follow-up.1 A
possible factor that contributes to this deterioration might be loosening of implants which
are not revised, despite of complaints. In addition, deterioration of clinical outcome scores
is possibly influenced by multiple factors like aging and comorbidities that are not all related
to the elbow implant, however, they should be taken into account during the evaluation of
the elbow implant.
An important limitation of our study is the small number of patients included for longterm follow-up. Therefore, no general conclusions could be drawn concerning long-term
migration or long-term clinical outcomes. The high loss to follow-up is mainly explained by
the death of a relatively large number of subjects. Nevertheless, both early migration data
and long-term survival data of all 16 patients were completely available.

CONCLUSION
This study demonstrated the long-term results of the IBP total elbow prosthesis with a longterm survival rate of 75% after 10 years of follow-up. A relation between early migration and
late revision could not be demonstrated in this study. Although short-term clinical results
were promising, long-term outcomes worsened in most patients. In future research survival
outcomes should be reconsidered bringing the focus more on clinical outcomes instead of
revision alone.
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PART IV
RSA IN THE SHOULDER JOINT

Chapter 7
Early fixation of the humeral
component in stemless total shoulder
arthroplasty: a radiostereometric and
clinical study with 24-month follow-up

B. ten Brinke, B. Hesseling, D. Eygendaal, M.A. Hoelen, N.M.C. Mathijssen

Bone and Joint Journal 2022;104-B(1):76-82

ABSTRACT
Aims: Stemless humeral implants have been developed to overcome stem-related
complications in total shoulder arthroplasty. However, stemless implant designs may
hypothetically result in less stable initial fixation potentially affecting long-term survival.
The aim of this study is to investigate early fixation and migration patterns of the stemless
humeral component of the Simpliciti Shoulder System and to evaluate clinical outcomes.
Patients and Methods: In this prospective cohort study RSA-radiographs were obtained in
24 patients one day postoperatively and six weeks, six months, one year and two years
postoperatively. Migration was calculated using model-based RSA. Clinical outcomes were
evaluated using the visual analogue scale (VAS) for pain, the Oxford Shoulder Score (OSS),
the Constant-Murley Score (CMS) and the Disabilities of the Arm, Shoulder and Hand (DASH)
score.
Results: At two years, median translation (Interquartile range (IQR)) along the x-, y- and z-axis
was -0.12mm (-0.18 – 0.02), -0.17mm (-0.27 – -0.09) and 0.09mm (0.02 – 0.31). Median
rotation (IQR) around the x-, y- and z-axis was 0.12° (-0.50 – 0.57), -0.98° (-1.83 – 1.23)
and 0.09° (-0.76 – 0.30). Twenty prostheses stabilised within 12 months postoperatively.
Four prostheses showed continuous migration between 12 and 24 months. At two years of
follow-up, all clinical scores improved significantly (median difference (IQR) VAS at rest: -3.0
(-1.5 – -6.0); OSS: 22.0 (15.0 – 25.0); CMS: 29.5 (15.0 – 35.75); DASH: -30,0 (-20.6 – -41.67)
(all p<0.001). One prosthesis was revised because of instability.
Conclusion: In conclusion, we found that 20 out of 24 implants stabilised within 12 months
postoperatively. The significance of continuous migration in four implants is unclear and
future research on the predictive value of early migration for future loosening in TSA is
required. Clinical results improved clinically relevant.

INTRODUCTION
Traditionally, total shoulder arthroplasty (TSA) has been designed as a stemmed implant
relying on intramedullary fixation of the humeral component. Although complications
related to the humeral component are rare, stemmed humeral implants have important
drawbacks as well, including intraoperative fractures, stress shielding, stress risers (in case
of ipsilateral elbow arthroplasty) and periprosthetic fractures.1–6 Furthermore, revision of
stemmed humeral implants is technically demanding and extraction of stem and cement
may lead to additional bone loss and intraoperative fractures.7
In order to reduce stem-related complications and to make implant revision less complex,
several stemless implant designs have been developed in the last decade.8,9 Theoretical
advantages of stemless implants include a better preservation of humeral bone stock and
a reduced fracture risk intra- and postoperatively. Furthermore, stemless implants could
be valuable in cases with challenging deformities of the metaphyseal part of the proximal
humerus.
Recently, the non-inferiority of stemless implants compared to stemmed implants in the
short- to mid-term follow up has been demonstrated in several high-quality studies.9–16
However, only two studies have been published with a minimum of ten years of followup. Magosch et al. demonstrated a survival of 96.5% in 75 shoulders.17 Märtens et al.
demonstrated that clinical long-term outcomes did not differ between stemless and
stemmed implants.18 Although not significant, ten-year implant survival was lower in the
stemless group (91.5% vs 95.3%). To carefully assess implant safety we are convinced that
more long-term follow-up is essential. Even though short-term results are satisfactory, one
of the most important potential drawbacks of stemless implants might evolve in the longterm, namely aseptic loosening.
One of the main factors for long-term success is initial fixation of the implant. The
uncemented humeral component of the Simpliciti Stemless Shoulder System consists of
a collar and a three-fin nucleus. In order to achieve a stable fixation in the metaphyseal
bone, the collar and nucleus are treated with a porous sintered titanium (cp-Ti) coating to
allow bone ingrowth into the implant.8 In contrast to stemmed implants, fixation of stemless
implants completely relies on cancellous instead of cortical bone. Fixation in cancellous
bone has been shown to be worse compared to cortical bone in a recent experimental study
using pig bones.19 Combined with a reduced contact area between the prosthesis and the
surrounding bone, especially in case of osteoporotic bone, this may lead to suboptimal
fixation of the prosthesis potentially affecting the long-term implant survival.
A proven method to assess in vivo micromotion is Radiostereometric Analysis (RSA).20,21
Nelissen et al. recommended that new orthopaedic implants should be analyzed using
RSA.22 However, although stemless humeral implants have been widely used, early migration
has never been assessed using RSA. Investigating early migration and initial fixation of
this relatively new implant will provide earlier evaluation of this class of prostheses while
awaiting long-term follow-up data.
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The aim of this prospective, single-centre study was to identify fixation and migration
patterns of the Simpliciti stemless shoulder system using model-based RSA (MB-RSA) and
to evaluate clinical outcomes with a follow-up time of two years. We hypothesized that
early migration of this stemless humeral component will stabilize within the first year after
placement. Moreover, we expected a significant improvement in clinical scores two years
postoperatively in comparison with preoperative scores.

METHODS
In this single-center prospective cohort study all consecutive patients receiving the stemless
Simpliciti shoulder system between March 2014 and October 2017 were included if they met
the following inclusion criteria: end-stage osteoarthritis (OA), posttraumatic OA, rheumatoid
arthritis (RA) of the glenohumeral joint or avascular necrosis (AVN) of the humeral head in
patients aged 45 years and older. Patients had to be able to speak and write the Dutch
language. Patients were excluded in the event of accompanied fractures, post-septic OA,
glenohumeral instability, BMI > 35 kg/m2, or any active infection. All included patients gave
their written informed consent to participate in this study. This study was registered in
the Netherlands Trial Register (NL6632). Ethical approval was given by the Medical Ethical
Committee Zuidwest Holland (NL45412.098.13).

Figure 1. Flow chart showing enrolment of patients available for analysis. OA,osteoarthritis.
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During the study period, 28 patients were eligible for inclusion and willing to participate
in our study. However, four patients had to be excluded during surgery (Figure 1) leaving
24 participants (24 shoulders) in the study (16 women) with a mean age 67.5 years (49 to
82). Indication for surgery was primary OA in 23 patients and AVN of the humeral head in
one patient. Median operating time was 111.5 minutes (interquartile range (IQR) (101.0 to
119.8) in hemiarthroplasty (n = 6) and 116.0 minutes (IQR 104.5 to 121.8) in TSA (n = 18).
Technique
All operations were performed by the same orthopaedic surgeon experienced in
shoulder surgery (M.H.) through a deltopectoral approach with the patient positioned in
a beach chair position. The humeral head was dislocated anteriorly and after removal of
osteophytes, resection of the humeral head was performed. The metaphysis and fin tracks
were then prepared. After preparation and placement of the glenoid component (in TSA),
the appropriate humeral head size was determined and the final prosthesis was implanted.
Subscapularis repair was performed using both transtendinous and transosseous sutures.
Postoperative care was standardized and consisted of an abduction pillow for four weeks
followed by a sling for another two weeks. Patients were allowed to perform pendulum
exercises. After four weeks, patients started active assisted shoulder range-of-motion
exercises. External rotation was limited to 0° during the first six weeks.
Radiostereometric analysis
During surgery eight to 12 tantalum beads (1mm diameter) were inserted in the proximal
humerus, taking into account a sufficient dispersal of the beads. Two synchronized roentgen
tubes (DigitalDiagnost and MobileDiagnost wDR (Philips, Best, The Netherlands)) were
used to obtain RSA radiographs at the first day postoperatively (reference radiograph) and
six weeks, six months, one year and two years postoperatively. Migration was calculated
using model-based RSA software (Model-based RSA, Version 4.2, RSAcore, Leiden, The
Netherlands). Migration was defined as the change in 3D position of the nucleus of the
humeral component with respect to the humeral bone (represented by the inserted bone
markers) between the postoperative (reference) and follow-up radiographs. An implantbased coordinate system was used to calculate translations along (T; in mm) and rotations
around (R; in degrees) the medial-lateral (x), cranial-caudal (y) and ventral-dorsal (z) axes.
Detected bone markers were used for analysis if they met the International Organisation
of Standardization (ISO) criteria for marker stability (mean error of rigid body fitting (ME) <
0.35 mm) and 3D distribution (condition number (CN) <150).23
We assumed that implants should stabilize within 12 months after implantation. To
demonstrate either stabilization or continuous migration of the implants, migration was
calculated in all patients between 12 and 24 months.
In order to determine precision of migration measurement, double examinations were
performed in 19 patients at one-year follow up. Precision is presented as 1.96 x standard
deviation (SD) of the measured ‘migration’ between the RSA-examinations.
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Outcomes
The primary outcome of this study was the fixation and migration pattern of the humeral
component of the stemless Simpliciti shoulder system using MB-RSA. Secondary outcome
measures were the Constant-Murley Score (CMS),24 the Oxford Shoulder Score (OSS),25 the
Disability of the Arm, Shoulder and Hand (DASH) score26 and the Visual Analogue Scale (VAS)
for pain at rest and during activity (0 to 10) with a follow-up time of two years. Number of
complications, additional surgeries and operative time were recorded.
Statistical analysis
To assess normal distribution of the CMS, OSS, DASH and VAS scores a Shapiro-Wilk test was
performed. Since no normal distribution could be assumed, all clinical data were analyzed
using nonparametric statistics. Friedman tests were used to compare pre- and postoperative
clinical scores over time. Additionally, post-hoc Bonferroni corrections were performed for
multiple testing. Mann-Whitney U tests were used to compare clinical outcomes of implants
with and without continuous migration. For all comparisons, results were considered to be
statistically significant at p < 0.05. Given the high accuracy of RSA, patient numbers in RSAstudies are generally set at 25.27

RESULTS
RSA
Double examinations were performed in 19 patients. One patient was excluded from
precision measurement because the CN of the double examination scene exceeded 150. An
overview of precision measurements is given in Table 1.
Table 1. Precision measurements using double examinations in 18 patients at one-year follow-up.
Measurement
Tx, mm
Ty, mm
Tz, mm
Rx, °
Ry, °
Rz, °

Median (IQR)
0.02 (-0.03 to 0.05)
0.03 (-0.03 to 0.09)
0.00 (-0.04 to 0.10)
0.01 (-0.09 to 0.19)
0.16 (-0.40 to 1.02)
-0.06 (-0.15 to 0.06)

Mean (SD; range)
0.03 (0.1; -0.12 to 0.32)
0.01 (0.27; -0.91 to 0.49)
0.04 (0.17; -0.28 to 0.55)
0.28 (0.86; -0.34 to 3.28)
0.03 (2.16; -5.95 to 3.49)
-0.12 (0.53; -2.01 to 0.52)

Precision
0.19
0.54
0.34
1.68
4.23
1.03

IQR, interquartile range; SD, standard deviation

RSA radiographs were available and analyzed at every follow-up review in all but one patient.
This patient underwent a revision 17 months after implantation for pain and instability.
Migration of this patient was calculated up to one year postoperatively. All migration data
are presented in Figure 2.
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Figure 2. Median translation values (a) along the x-, y-, and z-axis of 24 humeral components and median rotation
values (b) around the x-, y-, and z-axis of 24 humeral components of the Simpliciti shoulder system. Error bars
represent the interquartile range.

Median continuous translation (i.e. translation between 12 and 24 months (IQR)) along the
x-, y- and z-axis was -0.01 mm (IQR -0.09 – 0.05), 0.04 mm ( IQR -0.03 – 0.11) and 0.03mm
(IQR -0.03 – 0.15). Median continuous rotation around theses axes was 0.05° (IQR -0.21 –
0.23), -0.62° (IQR -1.32 – 1.30) and 0.06° (IQR -0.10 – 0.25). In 19 patients, migration between
12 and 24 months approached zero, indicating that these implants stabilized within the first
12 months of follow-up. In one patient, continuous translation between 12 and 24 months
could not be determined due to a revision after 17 months. In this patient, the implant was
found to have stabilized between six and 12 months. Four outliers (three women, mean age
69.3 (62 – 76)) were identified with remarkable high migration values between 12 and 24
months (patient 6,8,12 and 23; Table 2). Of these, three were total joint replacements and
one hemiarthroplasty. Indication for surgery was primary OA in all four cases. Conventional
radiographs of these four patients showed no radiolucent lines or other signs of loosening.
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Table 2. Calculated migration between 12 and 24 months postoperatively to demonstrate stabilization or
continuous migration of implants.
Patient ID
Tx
Ty
Tz
1
.
.
.
2
.
.
.
3
.
.
.
4
.
.
.
5
.
.
.
6
.
y
Z
7
.
.
.
8
.
y
z
9
10
.
.
.
11
.
.
.
12
x
.
Z
13
.
.
.
14
.
.
.
15
.
.
.
16
.
.
.
17
.
.
.
18
.
.
.
19
.
.
.
20
.
.
.
21
.
.
.
22
.
.
.
23
x
y
Z
24
.
.
.
. = tranlation < 0,5 mm or rotation < 1,5 degree
x, y, z = translation 0.5 - 1.0mm or rotation 1.5 - 2.0 degrees
X, Y, Z = translation > 1.0mm or rotation > 2.0 degrees
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Rx
.
.
.
.
.
.
.
X

Ry
.
Y
.
Y
.
.
Y
.

Rz
.
.
.
.
.
.
.
Z

.
.
X
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
Y
.
y
Y
y
.
y
y
Y
y

.
.
z
.
.
.
.
.
.
.
.
.
.
Z
.
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Clinical outcomes
All but one patient completed final follow-up as one patient underwent a revision of the
humeral head. Median CMS, OSS, DASH and VAS scores improved significantly from baseline
to two-year follow-up (Table 3). Significant improvement of VAS pain scores occurred in the
first six weeks postoperatively (VAS rest p=0.024; VAS active p=0.011, Friedman’s test) and did
not further improve after six weeks (VAS rest p=0,690; VAS active p=0.059, Friedman’s test)).
Other clinical outcome measurements did not improve between baseline and six weeks
follow-up (OSS p > 0.999; DASH p > 0.999, Friedman’s test) but improved significantly in
the first six months postoperatively (CMS p=0.002; OSS p=0.002; DASH p=0.001, Friedman’s
test). No further improvement was found between six months and two years (CMS p=0.589;
OSS p=0.932; DASH p > 0.999, Friedman’s test).
Concerning the four outliers with high continuous migrations between 12 and 24 months,
clinical scores at 24 months did not differ from patient with stable implants (p > 0.05 for all
clinical scores, Mann-Whitney U test).

Table 3. Median (IQR) clinical scores of 24 patients after implantation of the Simpliciti Stemless Shoulder System.
CMS
OSS
DASH
VAS pain
(rest)
VAS pain
(active)

Pre-op
43.0
(32.0-52.5)
21.0
(17.8-25.0)
45.8
(32.7-59.4)
4.0
(3.0 -6.0)
8.0
(6.0-8.0)

6 weeks

22.0
(17.8-27.3)
42.1
(33.3-56.7)
1.0
(0.8-3.0)
3.0
(1.8-4.3)

6 months
66.5
(53.5-71.0)
36.5
(32.3-42.3)
15.0
(10.8-26.0)
0.0
(0.0-1.0)
1.0
(0.0-3.0)

12 months
73.5
(63.8-80.3)
37.5
(33.8-43.3)
17.1
(6.5-22.5)
0.0
(0.0-1.0)
1.0
(0.0-2.3)

24 months
69.0
(66.3-78.8)
42.0
(37.5-45.0)
13.8
(7.5-20.4)
0.0
(0.0-1.0)
1.0
(0.0-2.0)

P – value*
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

CMS: constant-Murley Score; OSS: Oxford Shoulder Score; DASH: Disabilities of the Arm, Shoulder and Hand; VAS:
Visual Analogue Scale. * pre-operatively vs. 24 months, Friedman’s test

Complications
One patient underwent a revision of the humeral head 17 months postoperatively because
of persistent pain and instability. After revision of the humeral head to a larger component
the patient was satisfied. In another patient, a deep venous thrombosis was diagnosed four
weeks postoperatively. A third patient suffered a traumatic rupture of the subscapularis
tendon four months postoperatively. Initially, the patient underwent an open tendon repair
nine months postoperatively. After a re-rupture 23 months postoperatively, the patient was
planned for a revision of the prosthesis to a reversed prosthesis which was outside the
follow-up period of this study.
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DISCUSSION
The primary aim of this study was to determine fixation and migration patterns of the
Simpliciti Stemless Shoulder System using model-based RSA. We found that 20 out of 24
prostheses stabilized within the first 12 months postoperatively. Four prostheses showed
continuous migration between 12 and 24 months postoperatively.
From total hip- (THA) and knee arthroplasty (TKA) we know that increased early migration
is a strong predictor for future loosening.28,29 Following this thought, one could argue that
based on the results of our study, one out of every six implanted humeral components is
theoretically at risk for aseptic loosening. This could potentially lead to the exposure of large
patient groups to early revision surgery. However, the predictive value of early migration
for future loosening as it is demonstrated in THA and TKA has not been validated in TSA.
Moreover, migration thresholds to detect prostheses at risk for loosening have not been
defined so far. Pijls et al. described a migration threshold of 0.2 – 1.0mm in THA and of 0.5
– 1.6mm in TKA in the first 24 months for prostheses at risk for loosening.28,29 Except that
these thresholds have been determined for THA and TKA only, they have been specifically
demonstrated for proximal migration along the y-axis (THA) and maximum total point of
motion (TKA). Therefore, these thresholds might not be applicable to migrations along
individual axes in TSA.
In contrast, suggestions that early migration does also affect long-term outcomes in TSA
have been described. Mechlenburg et al. used precision of translations (0.37 mm) as a
migration threshold in their RSA study comparing 18 Global C.A.P. humeral head resurfacing
implant (HHRI) and 14 Copeland HHRI’s.30 They found that three out of five revised implants
exceeded this threshold, whereas four of 24 non-revised implants migrated above this limit.
Further, total translation (TT) between 12 and 24 months of follow-up was significantly higher
in the revised group (TT 0.58 vs 0.22 mm). Rahme et al. compared early migration of 13
keeled and 14 pegged glenoid components of the Bigliani/Flatow total shoulder prosthesis
(Zimmer, USA). In this prospective randomized study no differences in total migration were
found. A wide and pragmatic margin of the minimally detectable migration limit (1.0 mm
and 2.0°) was used as a threshold for acceptable migration.31 The reliability of this threshold
could not be assessed as long-term follow-up of this cohort has not been published so far.
However, Streit et al. used the thresholds as proposed by Rahme et al. in a prospective study
evaluating nine keeled ultra-high-molecular-weight polyethylene (UHMWPE) (Arthrex, USA)
and two UHMWPE pegged components (Tornier, USA) and found a significant increase in
VAS pain score in six patients who surpassed this threshold.32 This may indicate that early
migration is predictive for future clinical outcomes. However, given the small number of
patients, the study is probably underpowered to support this conclusion.
Considering the limited data to support clearly defined migration thresholds for prostheses
at risk in TSA, we have not attempted to distinguish prostheses at risk and not at risk for
future loosening based on our two-year migration data. However, out of 24 implants we
identified four outliers (17%) with remarkable high continuous migration (Table 2). Although
short-term outcomes in these patients were good, the significance of this continuous
migration for long-term outcomes in unclear. Nevertheless, given the clear relation between
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early migration and long-term survival in THA and TKA, the level of continuous migration
found in our study raises concern. To understand the value of continuous migration better in
TSA, further research after migration patterns of stemless shoulder arthroplasty is required,
ideally comparing different stemless and stemmed implant designs. Moreover, long-term
outcomes of implants with known short-term migrations should be evaluated in order to
investigate the existence of a relationship between early migration and long-term outcomes.
We intend to present five- and ten-year outcomes of this cohort to establish the effect of
continuous migrations on long-term outcomes in the outliers.
High rotation values were found around the y-axis. Precision of rotations around the y-axis is
low and explains these unreliable high migration values around this axis (Table 2, Figure 2b).
Poor precision in this axis can be explained by the symmetrical shape of the implant and is
consistent with previous published precision measurements of, in particular, symmetrical,
stemless resurfacing prostheses.30,33,34
This is the first RSA study analyzing migration of a stemless shoulder prosthesis. Several
other stemless implants have been developed, with slightly different design features.35
In short, there are two different types of fixation; one by the impaction of a fin system
comparable with the Simpliciti and one with a central threaded cortical cage. Comenda et
al. concluded that implant design is relevant to postoperative bone adaptation based in 3D
finite element (FE) modelling.36 Implants with a threaded cage cause the most bone loss,
whereas the bone adaptation was the most marked in the Shoulder Modular Arthroplasty
(Lima, Italy). Therefore, our findings concerning migration of the Simpliciti shoulder system
cannot be extrapolated to other stemless designs as differences in their designs may affect
the response of the bone, implant fixation, migration patterns and long-term results.
Additional RSA studies for different designs are desirable.
As mentioned, patient numbers in RSA studies are generally set at 25.27 As a result of four
exclusions during surgery, we included 24 patients, one fewer than intended (Figure 1).
However, given our high precision values, we do not expect this missing inclusion to affect
our conclusions.
The secondary aim of this study was to evaluate clinical outcomes after implantation of the
Simpliciti Shoulder System. All clinical outcome measurements improved significantly within
six months after implantation. No further improvement was seen after six months. Regarding
clinical relevance, minimal clinically important difference (MCID) values are known to be
highly variable and generally assessed in heterogeneous patient groups undergoing different
interventions.37 If compared with published MCID values investigated in patients with OA
or RA undergoing TSA (CMS 16.6; OSS 6.9; DASH 10.1; VAS 1.4 – 3.0), all clinical scores
demonstrated in our study showed improvement beyond the established MCID values.38,39
It should be noted that this study was not powered for the analysis of secondary outcomes.
Although our results correspond to previous short-term follow-up studies, clinical outcomes
should be interpreted with caution.9–16
Stemless shoulder systems have been developed in order to reduce stem-related problems,
to preserve more bone stock and to make revision surgery less complex. In our study,
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we reported one revision and no periprosthetic fractures. In a recent systematic review
and meta-analysis including 1,564 anatomical stemless TSA’s, Willems et al. reported a
humeral-related complication rate of 0.6%, which is comparable with stemmed implants.1,2,9
Concerning bone stock preservation, Willems et al. described that osteolysis at the proximal
humerus is lower compared to stemmed arthroplasty, corresponding with the results of a FE
model described by Razfar et al.40 Data concerning revision after primary stemless implants
are lacking. Overall, short-term clinical results of stemless implants have been shown to be
comparable to stemmed implants. However, suggested benefits of stemless implants over
traditional, stemmed prostheses have only been described in a limited fashion. Considering
this, in combination with migration values demonstrated in our study, critical assessment
of long-term outcomes is essential before a safe continuation of the widespread use of this
stemless concept can be guaranteed.
The most important limitation of our study is the absence of a control group. As long as
migration values cannot be related to established acceptable migration limits, interpreting
migration results of single patient cohorts is difficult, and firm conclusions about implant
safety cannot be drawn. Until a relationship between early migration and late outcomes has
been established, it is more valuable to compare early migration of relatively new implants
with implants with known, satisfactory long-term outcomes. For stemless implants, early
migration should be compared with established stemmed implants with known longterm
survival. However, the only clinical RSA study analyzing a stemmed humeral component was
published more than 15 years ago.41 In this study, Rahme et al. compared two-year migration
of the 3M Modular Prosthesis (Smith & Nephew, Memphis, TN) after press-fit or cemented
fixation. No differences were found between the two groups. Mean migration values were
slightly higher compared to our results. However, continuous migration between 12 and 24
months was not reported. Recently, Nyring et al. published a study protocol of a randomized
controlled trial comparing migration of stemless and stemmed implants.42 Results of this
study will, depending on migration values of stemless with respect to stemmed implants,
either support or discourage the widespread use of stemless implants awaiting long-term
survival data.
A second limitation of our study is that we did not assess bone density. As mentioned before,
fixation of stemless humeral implants relies on cancellous bone. Favre et al. demonstrated
that in vitro micromotion of stemless shoulder implants is strongly dependent on cancellous
bone quality.43 Quental et al. demonstrated that micromotion increased when low bone
density was present in an experimental setting.44 This relation does not apply to stemmed
implants.45 Of note is that we excluded three patients because of poor bone quality (Figure
1). Migration values reported in our study are therefore determined in above-average bone
quality patients and could not be extrapolated to patients with poor bone quality. Future
research is required to investigate the influence of bone density on migration and long-term
survival of stemless implants.
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CONCLUSION
In conclusion, early migration of stemless humeral components can be measured with
high precision using RSA. We found that 20 out of 24 stemless Simpliciti Shoulder Systems
stabilized within 12 months postoperatively. The significance of continuous migration in four
implants (17%) is unclear and future research on the predictive value of early migration in
TSA is required. Clinical results improved clinically relevant in all patients.
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CHAPTER 7

Chapter 8
General discussion and future
perspectives

The general aim of this thesis was to investigate the role of Radiostereometric Analysis
(RSA) in the evaluation of orthopaedic implants in the upper extremity. In this section,
the current state of RSA in shoulder, elbow, wrist and hand total joint arthroplasty will be
discussed, as well as the feasibility, precision and accuracy of the technique when used in
the upper extremity. Challenges we faced during our research will be addressed and future
perspectives of RSA in evaluating upper extremity total joint arthroplasties will be discussed.

RSA in the upper extremity: where do we stand?
In contrast to the lower extremity, the experience of RSA in the upper extremity is limited.
With this in mind, we systematically reviewed the existing literature on RSA in total joint
arthroplasty (TJA) of the upper extremity in 2017 (chapter 2). In this review, 23 studies
were available for analysis, including experimental phantom studies and animal studies.
Since then, less than twenty new RSA studies related to upper extremity implants have
been published (accessed September 2021), of which a substantial part still consists of
experimental or feasibility studies with small patient cohorts. Hence, one may conclude
that the implementation of RSA in the upper extremity is still at a very early stage compared
to the lower extremity. There might be several reasons for this difference. First, although
increasing, the absolute numbers of implanted prostheses in shoulder, elbow, wrist and hand
are much lower than in THA and TKA (chapter 1), resulting in less implants that are actually
available for RSA. In line with these low numbers, another factor that could contribute to
the low number of RSA studies is financial interest. Orthopaedic implant companies will
benefit more from a proven successful and safe hip prosthesis than from, for instance, a
new elbow prosthesis. Further, when used in upper extremity TJA, RSA has several technical
challenges. This might discourage orthopaedic surgeons, researches and also manufacturers
from initiating clinical RSA studies. However, considering that survival rates of orthopaedic
implants in the upper extremity are still inferior compared to the lower extremity, we believe
that more attention should be paid to the assessment of initial fixation and early migration
of upper limb implants using RSA.

Accuracy, precision and feasibility
Accuracy and precision
What does the existing RSA literature have taught us about accuracy– the agreement of a
particular measurement with an accepted standard – and precision – the level of agreement
of a particular measurement with itself when it is repeated – in the shoulder, elbow, hand
and wrist? According to the ISO RSA Standard, accuracy of RSA has to be determined by
comparison with another method with a substantially better resolution than that of RSA.1
In studies assessing the accuracy of RSA the implant is often attached to a micrometer.
Precision has to be determined using clinical double examinations at one follow-up moment.
Assuming that the implant will not move within the short interval between two radiographs,
any migration measured between the two examinations will be due to measurement errors.
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In Chapter 2 we summarized data on accuracy and precision from previous literature up
to 2017. Since then, several studies have been added to the existing literature reporting
on accuracy and precision of RSA in the shoulder. Van der Kleut et al. demonstrated high
accuracy of RSA in migration and wear measurements in reverse total shoulder arthroplasty
(rTSA).2,3 In addition, Fraser et al. showed high accuracy and precision values for migration
measurement of the glenoid component in rTSA.4,5 Concerning anatomic shoulder
arthroplasty (aTSA), high precision of translations has been demonstrated, varying between
0.03 and 0.88mm, comparable with RSA in THA and TKA.6–12 Regarding rotations of TSA,
precision was generally high, but was poor for rotations around one particular axis in two
studies concerning humeral head resurfacing implants (HHRI).13,14 Similarly, in our RSA study
analyzing a stemless humeral component (chapter 7) we found poor precision values for
rotations around the y-axis whereas precision of rotation around the other axes was high.
This might be explained by the symmetrical shape of both the HHRI and the stemless implant.
Rotations around the axis of symmetry cannot be accurately detected as the shape of the
implant remains unchanged during rotation.15 The same phenomenon has been shown in
total wrist arthroplasty (TWA). Holm-Glad et al. demonstrated high accuracy and precision
values in two total wrist implant designs. However, rotations around the y-axis could not be
calculated in the symmetrical Motec ® implant.16
Precision of RSA in the elbow has been described in three clinical studies.17–19 Although
experience of RSA in the elbow is relatively low, precision values were remarkable high: 0.05
- 0.34mm for translation measurement and 0.16 - 0.76° for rotation measurement in both
the humerus and the ulna.
In TMC-joint arthroplasty, precision of RSA was found to be poor, in particular for rotations.
This applied to both a symmetrical ball-and-socket design and the asymmetrical saddleshaped surface replacement (SR) TMC-joint prosthesis as described in this thesis.20,21
Although precision of RSA was promising in an experimental study analyzing the SR TMC
joint prosthesis in five human hand specimens (chapter 3), rotations could not be reasonable
measured in a clinical RSA study (chapter 4 and 5). In contrast to rotations, translations
could be measured with high precision.
Feasibility
One should keep in mind that high accuracy and precision is not the same as feasibility - the
possibility that something can be made, done, achieved or is reasonable. Precision of RSA
is generally determined using clinical double examinations or repeated measurements in
at least a minimum of 25% of the patients or fifteen patients in small cohorts1. Reported
precision values in literature are therefore by definition determined in those RSA radiographs
that are suitable for analysis. However, these values do not provide information about RSA
radiographs that are, for any reason, not suitable for analysis. For example, Valstar et al.
described high precision values (0.05 – 0.34 mm and 0.16 – 0.68°) analyzing the SouterStrathclyde elbow prosthesis based on repeated measurements.17 However, despite high
precision, rotation could be calculated in only eight humeral and five ulnar components out
of 21 implants at two-year follow-up because of technical problems analyzing the remaining
RSA radiographs. Similar issues have been described for RSA in the TMC-joint and in lesser
extend for the wrist.16
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In general, most of the problems using RSA in the upper limb are related to the small size of
the surrounding bone and can be divided in two main problems: the position of the bone
markers in relation to the implant and the position of the markers relative to each other.
A close position of the markers in relation to the implant may result in over projection of
the bone markers by the prosthesis, leading to less detectable markers during analysis. For
rotation measurements, at least three but rather more than three corresponding markers
are required. A lack of visible markers will lead to non-analyzable RSA scenes and loss
of migration data. Positioning bone markers too close to each other will result in a poor
three-dimensional spread of marker rigid bodies, defined by a high Condition Number (CN).
The higher the CN, the more the markers are aligned in a linear configuration leading to
inaccurate rotation values around the axis parallel to this linear shaped marker rigid body.
Concerning the shoulder, above mentioned problems are expected to be less of an issue
given the larger size of the glenoid and proximal humerus. In chapter 7 we described the
results of an RSA study examining implant migration of a stemless humeral component.
Obtained RSA radiographs could indeed be analyzed in all patients at all follow-up moments
in this study with acceptable CN’s. Looking at previous RSA studies concerning TSA, only one
study reports that the limit for acceptable CN had to be increased for the glenoid component
because of a relatively poor three-dimensional marker distribution.11 This indicates that also
in TSA, attention should be paid to the distribution of bone markers in the glenoid.
In contrast to TSA, problems related to marker distribution are more pronounced in small
bones as the ulna and the trapezium bone. In chapter 4 and 5 we describe the results
of a clinical RSA study reporting mid- and long-term migration data of the SR TMC-joint
prosthesis. We had a considerable loss of analyzable RSA scenes at five- and ten-year
follow-up because of a lack of stable and visible bone markers. Furthermore, to reach a well
distributed marker rigid body turned out to be difficult, leading to high CN’s and unreliable
rotation values. Therefore, only translations measurements could be presented.
In an attempt to overcome the problem of occluded bone markers, Marker Configuration
(MC) model-based RSA was applied.22 MC-models describe the three-dimensional position
of the bone markers. In case of occluded bone markers during follow-up, the position of the
marker rigid body can still be estimated, allowing for more RSA scenes suitable for analysis.
Furthermore, we used the technique of reversed migration calculation, in which not the
marker rigid body but the implant model is used as the reference model to correct for the
different positions of the joint with respect to the calibration box. With only two bone
markers available for the reference marker rigid body, this cannot be accurately done since
two markers create a line around which the implant model can be rotated. For marker rigid
bodies with a poor three-dimensional spread similar issue arises. Applying these techniques
allowed us to calculate translations in initial unusable RSA radiographs. However, despite
the use of these techniques, rotation measurement in TMC-joint arthroplasty has not been
possible so far.
If rotations could not be calculated accurately, simply ignoring these rotations is not the right
strategy since rotations do affect translation calculation. An incorrect rotational alignment
of the reference model can lead to inaccurate rotations and hence incorrect translation
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measurement.23 Therefore, striving for a well three-dimensional spread and stable rigid
body as a reference for migration calculation is still important, even if rotations are left
out of consideration. Considering this, the feasibility of RSA in small joints as the TMC-joint
is doubtful. To measure migration of small joints implants, further research is required to
investigate methods that are less dependent on bone markers.
In summary, the ability of measuring implant migration with high accuracy and precision
has been demonstrated in total shoulder, elbow and wrist arthroplasty. In TMC-joint
arthroplasty, sufficient precision values have only been demonstrated for translation
measurements. Notwithstanding high accuracy and precision, concerns about the feasibility
of RSA in the elbow, wrist and TMC-joint have to do with the small size of the surrounding
bone. Therefore, we suggest further RSA studies concerning these joints to be focused on
the optimization of the technique first.

Predictive value
In order to define implants at risk for future loosening in THA and TKA, clear migration
thresholds have been defined. Pijls et al. described a migration threshold of 0.2 – 1.0mm
along the y-axis in THA and a maximum total point of motion (MTPM) of 0.5 – 1.6mm in
TKA in the first 24 months.24,25 Implants that migrate beyond these thresholds are at risk
for loosening. However, it is unknown whether these thresholds are applicable in shoulder,
elbow, wrist and hand arthroplasty.
Several attempts have been done in literature to distinguish stable and unstable implants
based on short-term migration. Mechlenburg et al. used a threshold of 0.37 mm based on
minimally detectable migration limits in their RSA study comparing the Global C.A.P. HHRI
and the Copeland HHRI.13 They found that three out of five revised and four out of 24 nonrevised implants exceeded this threshold. Further, total translation (TT) between 12 and 24
months was significantly higher in the revised group (TT 0.58 vs 0.22 mm). Further, higher
TT was reported for the Global C.A.P. HHRI compared to the Copeland HHRI at two years
of follow-up. Looking at long-term survival of both implants, high revision rates have been
reported for the Global C.A.P. HHRI (23% after 5-8 years) whereas satisfactory long-term
survival of 95% after 18 years have been described for the Copeland HHRI.26–28 In order
to divide potential stable and unstable implants, Rahme et al. used a wide and pragmatic
margin of the minimally detectable migration limit (1.0 mm and 2.0°).8 The reliability of
this threshold could not be assessed as long-term follow-up of this cohort has not been
published so far. Nevertheless, Streit et al. used the thresholds as proposed by Rahme et
al. and found a significant increase in VAS pain score in six patients who surpassed this
threshold.11 However, this study probably was underpowered to support this conclusion. In
chapter 7 we present the short-term RSA results of the stemless Simpliciti Shoulder System.
Assuming that physiological implant migration takes place in the first weeks to months
postoperatively, continuous migration between one and two years was calculated in order to
assess initial implant stability. We found that four out of 24 prostheses showed remarkable
high continuous migration. Whether this continuous migration affects long-term survival
has to become clear after long-term follow-up is available. However, given the clear relation
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between early migration and long-term survival in THA and TKA, these migration values
definitely raise concerns.
Concerning the elbow, two patient cohorts have been described with both short-term
migrations and long-term outcomes available. Valstar et al. defined implants at risk if they
exceeded migration of 0.4 mm or 1.0° in the second year postoperatively, based on RSA data
from TKA.29,30 After 121 months, one out of eight humeral components at risk was revised.
Three implants not at risk were loose at long-term follow-up.31 De Vos et al. described early
migration of 16 humeral components of the Instrumented Bone Preserving (IBP) total elbow
prosthesis.18 To define acceptable migration limits, they referred to the above-mentioned
study of Valstar et al.17 Fourteen of the 16 humeral components were defined as stable.
In chapter 6 we described long-term outcomes of this cohort. Of the stable implants, four
prostheses were revised during follow-up. Regarding the potential unstable prostheses, no
revisions were performed. Total rotation (TR) and total translation (TT) at two-year followup did not differ significantly between the revised and the non-revised implants. Based on
the results of these two cohorts, the predictive value of early migration could not be shown.
However, patient and implant numbers are too low to come to conclusions.
Only one long-term RSA study concerning the TMC-joint has been described in literature
(chapter 5). Early migrations of this cohort are presented in chapter 4. Because of the low
number of implants analyzed using RSA and the technical challenges of the technique in its
current form, no conclusions could be drawn about potential migration thresholds in TMCjoint arthroplasty.
In TWA, no long-term survival data of RSA-examined implants exist. Hence, the relation
between early migration and long-term outcomes cannot be investigated.
In summary, the number of RSA studies and analyzed implants in shoulder, elbow, wrist
and TMC joint arthroplasty is not sufficient to demonstrate the value of early migration
in predicting the risk of long-term loosening. Migration thresholds for implants at risk are
therefore not available. In TSA, several clues for a possible relation between early migration
and long-term loosening have been described and have to be confirmed in future studies.

RSA in the upper extremity: where do we go?
Predicting long-term outcomes
Given the high accuracy of RSA and considering the predictive value of early migration
for long-term survival in THA and TKA, RSA can be considered as an important, objective
instrument to examine newly developed orthopaedic implants. However, notwithstanding
the introduction of a multitude of new implant designs in the last decades, most of the
currently used implants in the upper extremity have never been evaluated in RSA studies.
On the one hand, this is defensible as data supporting the relation between early migration
and the risk of long-term failure of upper limb prostheses are lacking. On the other hand,
the absence of data does not mean that the relation between early migration and long-term
survival does not exist. Given the value of RSA in the evaluation of THA and TKA, further
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research to determine the relevance of RSA in upper limb TJA is definitely worthwhile.
This applies in particular to TSA, as several clues have yet been described suggesting that
increased early migration could affect long-term outcomes.
However, in order to assess the predictive value of RSA in the upper extremity large numbers
of implants are required. Established migration thresholds in THA and TKA are based on
dozens of RSA studies including hundreds of implants. In contrast, the use of RSA in upper
extremity implants is still at an early stage. Hence, the first step to investigate the predictive
value of early migration measured using RSA is to increase the number of implant designs
that is analyzed using RSA.
Apart from an increase in RSA studies, long-term follow-up and data from clinical studies
and orthopaedic registries are essential to assess the value of measured early migration in
predicting long-term outcomes. However, collecting long-term follow-up data takes time. To
speed up the research process on the predictive value of early migration, it could be helpful
to measure early migration of implant designs of which long-term follow-up is known. In
other words, RSA should not only be used in new implants, but could also be helpful in
measuring and comparing early migration of currently used, ‘gold standard’ implants with
known long-term survival.
Availability and standardization of RSA data
When increasing the number of RSA studies, more and more data will become available.
In order to facilitate comparison and meta-analysis of migration data from different
studies and research groups, it is of great importance to present these data in a consistent
and homogeneous way. A great step in the direction of presenting RSA outcomes in a
standardized way was initiated by Valstar et al. who published guidelines for standardization
of RSA.32 Following this publication, Madanat et al. demonstrated that quality of RSA-studies
increased after publication of the guidelines, but that adherence to the guidelines was still
relatively low33. In our systematic review (chapter 2), we have shown that adherence to the
guidelines was poor in almost all RSA studies of the upper limb. In accordance with Madanat
et al, the most frequently ignored items were details on rigid body fitting error, cut-off values
for condition numbers and details of images acquisition, while the importance of these
ignored items have been demonstrated in this thesis. It is therefore that we recommend
strict adherence to existing guidelines in future RSA studies of the upper limb. Even better
should be the registration of RSA trials in a special RSA registry and to share migration
outcomes in a standardized way enabling merging of data. Combining migration data from
an RSA registry with clinical outcome measurements and survival data from (inter)national
implant registries may be useful in further research regarding the relation between early
migration and long-term implant failure in upper limb arthroplasty. For future RSA studies
we recommend to report complete migration values along all individual axes including
standard deviations, instead of a selection of data (i.e. TT, maximum total point of motion
(MTPM)) as it is yet unclear which values will be useful in determining migration thresholds
for prostheses at risk for early failure. Further, detailed information concerning accuracy,
precision and the number of analyzable radiographs as well as the used coordinate systems
should be described.
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Factors influencing migration patterns in the upper extremity
Apart from simply increasing the number of RSA studies, several issues should be taken into
account in future research investigating the relation between early migration and long-term
failure in upper limb implants.
First, a relation between increased early migration and future revision assumes that
loosening of orthopaedic implants starts with early micro motion.30,34 However, the
question is whether this theory also applies to loosening of implants in the upper extremity.
Substantial biomechanical differences in weight-bearing, range of motion and the magnitude
and direction of joint forces exist between upper and lower extremity joints and might result
in different migration and loosening patterns. Whereas axial compression forces are by far
the greatest factor acting on hips and knees, Klemt et al. demonstrated considerable shear
forces in the glenohumeral joint.35,36 Suboptimal positioning of the glenoid component in
TSA could even increase these shear forces, leading to eccentric loading of the glenoid
component, which is considered as an imported cause for loosening (rocking horse
phenomenon).37–39 Concerning TEA, lifting activities lead to shear distraction forces on
the bone-implant junction.40 Experimental studies investigating the failure behavior of
polymethylmethacrylate (PMMA) bone cement, showed that PMMA has a weak capability
to support tension and shear loading compared with compression loading.41 Obviously, this
may affect long-term implant survival of upper limb implants. The question is whether this
also affects early migration, detectable using RSA.
Concerning loosening patterns of TEA, the influence of rheumatoid arthritis (RA) should also
be taken into consideration. Although RA as the indication for TEA is decreasing, a substantial
part of TEA is still performed in patients with RA.42,43 Böhler et al. demonstrated that higher
inflammatory disease activity is a risk factor for radiographic loosening after THA and TKA.44
Considering this, increased disease activity at some point during follow-up may attribute to
aseptic loosening, even in initially stable implants. This will of course influence the results
when investigating the relation between early migration and long-term loosening.
Second, it is of great importance to define a clear endpoint of implant failure when
investigating the predictive value of early migration. In scientific research, the endpoint in
survival analysis is generally defined as revision. However, implant revision is a joint decision
of the patient and the treating physician and thus not an objective endpoint for implant
failure. In daily practice, implant loosening does not always lead to implant revision in upper
extremity TJA. Whereas a painful, loose hip or knee prosthesis leads to a severe limitation
of mobility and the need for a walking aid or wheelchair, patients with loose implants in
the elbow and TMC-joints are able to spare the joint for example by using splints. This
theoretically reduces the need for revision, especially in old patients with comorbidities and
a less demanding lifestyle. In future research on the predictive value of early migration for
long-term failure, the endpoints of survival should be reconsidered and more focused on
clinical outcomes.
Possible technical solutions
It should be clear that RSA of upper limb implants has several technical challenges, which
have to do with bone markers. Further research has to focus on methods that are less
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dependent on markers. Two of these methods include markerless RSA and CT-based RSA.
Classical marker-based RSA relied on the placement of tantalum markers both on the
implant and in the surrounding bone. Model-based RSA, as used in the studies presented
in this thesis, utilizes three-dimensional surface models created by reversed engineering
(RE) to determine the position of the implant, but still needs bone markers to determine
the position of the surrounding bone. Completely marker-less RSA methods use image
processing techniques to determine the position of both the implant and the surrounding
bone.45–47 However, this method has never been used in small joints as the elbow, wrist and
TMC-joint and requires further research.
Another promising method to avoid marker-related problems is CT-based RSA, which enables
migration measurement using the surface anatomy of the bone. Accuracy and precision of
CT-based RSA have been shown to be comparable with that of model-based RSA of THA in
both experimental and clinical studies.48–51 Recently, Broden et al. also demonstrated that
CT-based RSA was comparable with the accuracy and precision of RSA in TSA.52 An additional
advantage of CT-based techniques is the availability of CT-scans in daily practice. Future
studies are required to assess the applicability of CT-based RSA in the smaller joints that
particularly face marker-related problems.

Clinical implications and recommendations
The role of RSA in predicting long-term outcomes of arthroplasty in the upper limb needs
to be further investigated. The question raises what the place of RSA could be in the period
awaiting more insight in the relation between early migration and long-term outcomes.
For TSA, we recommend routine evaluation using RSA of all new implants released. We
believe that RSA is an accurate, safe and minimal invasive method that is potentially able
to prevent the exposure of large patient numbers to possible poor performing implants.
Although the predictive value of RSA has not yet been proven in TSA, we believe that based
on the current literature and data from this thesis excessive migration in the first two years
after implantation should be a cause for concern and justifies critical examination before
further distribution of implants should take place. At the same time, further research to
confirm or to negate the relation between early migration of TSA and long-term implant
survival should be continued.
Concerning TEA and TMC-joint arthroplasty, in our opinion it is yet unreliable to draw
general conclusions based on implant migrations measured using current RSA techniques.
We recommend to investigate the feasibility of marker-less RSA methods in these joints,
such as CT-based RSA.
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RECOMMENDATIONS FOR FUTURE RSA RESEARCH IN THE UPPER EXTREMITY
• We recommend routine assessment of early migration of new shoulder implants
with RSA prior to the widespread use of these implants.
• To investigate the predictive value of early migration for long-term outcomes in
total shoulder arthroplasty, we recommend the assessment of early migration of
implants with known long-term survival rates, and to publish long-term survival
studies of implants with known early migration values.
• Comparing early migration of new implants with migration values of implants with
known (satisfactory) long-term survival, could add to a more reliable assessment
of implant safety in total shoulder arthroplasty.
• When investigating the predictive value of early migration in upper extremity
implants, the endpoint of implant failure should also be focused on clinical
outcomes instead of revision alone.
• To facilitate pooling of migration data, it is of great importance to present
migration data in a consistent and uniform way, according to previously published
guidelines.
• Complete migration data along all individual axes, including standard deviations,
precision and accuracy data, the number of analyzable radiographs and the used
coordinate systems should be reported.
• The introduction of an international RSA registry to collect standardized migration
data could contribute to comparison and meta-analysis of migration data of upper
extremity implants.
• In order to avoid marker-related problems, the next step in RSA research in elbow
and TMC-joint arthroplasty is to evaluate the feasibility of CT-based RSA methods.
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Summary
Since the 1970s, radiostereometric analysis (RSA) has been used to measure (early) migration
of orthopaedic implants. RSA is a highly accurate roentgen technique which enables us to
determine implant micro motion of tenths of millimeters. Chapter 1 of this thesis gives a
brief overview of the history of RSA and a short explanation of the technique behind implant
migration analysis. RSA has extensively been used to measure migration of total hip and total
knee arthroplasties. Precision and accuracy of the technique have been clearly described as
well as the relation between early implant migration, measured using RSA in the first two
years postoperatively, and long-term implant survival. However, it is unclear whether RSA,
when applied in the upper extremity, is as accurate and precise as in the lower extremity.
Further, it is uncertain whether the predictive value of early migration for the risk of future
loosening also applies to total joint arthroplasty in the upper extremity. Therefore, the aim
of this thesis is to investigate the role of RSA in the evaluation of orthopaedic implants in
the upper extremity.

PART I – Accuracy and precision of RSA in the upper extremity
In Chapter 2 we systematically reviewed the literature in order to examine the accuracy
and precision of RSA in shoulder, elbow, wrist and hand arthroplasty. Fourteen studies
concerning the shoulder, four studies on the elbow and five studies on trapeziometacarpal
(TMC) joint arthroplasty were included. Precision values for RSA in the shoulder varied
between 0.06 – 0.88mm for translations and between 0.05 – 10.7° for rotations. In the
elbow joint, precision varied between 0.05 – 0.34mm and 0.16 – 0.76° and in the TMC
joint between 0.16–1.83mm and 11 – 124°. Accuracy data were not reported in included
studies. Adherence to existing RSA guidelines was poor in nearly all studies, leading to
heterogeneously reported data. This systematic review demonstrated that RSA is a highly
precise technique to assess migration of orthopaedic implants in the upper extremity.
However, precision of rotation measurement is less precise around the axis of symmetry
in symmetrical implants as humeral head resurfacing implants (HHRI). Moreover, precision
of RSA is poor when used in small joints as the TMC joint due to the limited size of the
surrounding bone and poor three-dimensional spread markers.

PART II – RSA in the trapeziometacarpal joint
In Chapter 3 we performed an experimental study to assess the feasibility of RSA of
a surface replacement (SR) TMC joint prosthesis. The TMC joint of five human hand
specimens was replaced by the prosthesis. Of each hand, ten pairs of RSA radiographs were
made. Implant migration relative to the surrounding bone during the time inbetween the
different radiographs was assumed to be zero. As a result, measured migration between
these RSA scenes was considered as the measurement error of the technique. ‘Accuracy of
zero motion’ varied between 0.11 and 0.26mm for translations and between 1.47 and 3.72°
for rotations. This study showed the in vitro feasibility of RSA in the TMC joint with high
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precision for translations. Lower precision for rotations was attributed to the close position
of the markers relative to each other and to the prosthesis.
The aim of the clinical pilot study described in Chapter 4 was to evaluate in vivo migration
patterns of the SR TMC joint prosthesis. Secondary aims were to assess patient-related
outcomes (DASH, Nelson) and implant survival after five years. Mean translations of the
prosthesis varied between 0.00 and 0.50 mm five years postoperatively. Mean rotation
values varied between 0.3 and 2.3°, but high standard deviations indicated poor precision.
Two patients underwent an early revision because of pain, without signs of loosening.
Clinical outcomes in the other patients improved significantly.
Long-term follow-up of this cohort is described in Chapter 5. The purpose of this study was
to determine long-term survival and clinical outcomes ten years after implantation of the
SR TMC joint prosthesis and to evaluate implant migration during follow-up. Although no
additional revisions took place, two patients had a loose implant at final follow-up. DASH
and Nelson scores deteriorated clearly in these two patients. Long-term clinical outcomes
remained excellent in patients with a stable implant in terms of pain, range of motion and
strength. Precision of RSA of the TMC joint prosthesis was determined in a clinical setting
using double examinations. High precision values were found for translations, ranging from
0.10 and 0.12 mm. Rotations could not be calculated because of a lack of stable and well
three-dimensional spread markers. In this chapter we extensively discuss several technical
challenges of RSA in small joints like the TMC joint. Possible solutions as marker configuration
(MC) models and reversed migration calculation are discussed.

PART III – RSA in the elbow joint
Concerning the elbow joint, only a few short-term RSA studies have been published and
knowledge about the influence of early migration on long-term outcomes is lacking. The aim
of chapter 6 was to evaluate long-term survival of sixteen Instrumented Bone Preserving
(IBP) total elbow prostheses. This implant was designed to preserve intercondylar bone and
to improve initial fixation and stability. To investigate the relation between early migration
and long-term outcomes, previously published short-term migration values were compared
between revised and non-revised implants. Further, long-term migration and clinical
outcomes (Elbow Function Assessment (EFA), Broberg and Morrey Elbow Functional Rating
Index (EFRI), Oxford Elbow Score (OES) and Visual Analog Scale (VAS) for pain) of the IBP
prostheses were reported with a minimal follow-up time of ten years. Ten-year survival
was 75%, decreasing to 63% after fourteen years of follow-up. Known short-term migration
values did not differ between revised and non-revised implants, however the number of
patients in this study was not sufficient to draw conclusions about the potential relation
between early migration and long-term outcomes. Long-term migration values could be
calculated in four patients and varied widely. Clinical outcomes worsened substantially over
time in almost all patients. Several patients with loose prostheses at final follow-up refrained
from revision surgery, indicating that implant revision might not be the right endpoint in
studies investigating the relation between early migration and long-term loosening in total
elbow arthroplasty.
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PART IV – RSA in the shoulder joint
In Chapter 7 we evaluated fixation and migration patterns and clinical outcomes of the
Simpliciti stemless shoulder system. Stemless humeral implants have been developed
to overcome stem-related complications like fractures and complex revisions. Based
on theoretical advantages and promising short-term results, stemless implants gained
popularity and the number of stemless implants will soon surpass stemmed arthroplasty.
In our study, patient reported outcome measures improved significantly in all patients at
two-year follow-up, in accordance with existing literature. Fixation of stemless humeral
components completely relies on cancellous metaphyseal bone. This may potentially lead
to suboptimal fixation affecting long-term implant survival. We found that twenty out of
24 implants stabilized within 12 months postoperatively, but that four implants showed
continuous migration between 12 and 24 months and did not stabilize during follow-up.
Although a relation between increased early migration and long-term failure has not been
demonstrated so far, the level of migration found in this study raises concern and critical
assessment of long-term outcomes in stemless shoulder arthroplasty is of vital importance.

PART V – General discussion
In chapter 8 we discuss the main findings of this thesis. These days, assessment of early
migration of orthopaedic implants in upper limb arthroplasty is sporadically performed.
In recent years however, the ability of highly precise migration measurement of upper
extremity implants has been demonstrated, particularly for TSA. Although the number
of RSA studies is not sufficient to investigate the relation between early migration and
long-term outcomes, several clues for the predictive value of early migration in TSA have
been described. Based on current literature and data from this thesis, we suggest routine
migration assessment using RSA of all new shoulder implants prior to market release. Further
investigation of the predictive value of RSA in TSA requires an increase in the number of
studies evaluating short-term migration and long-term follow-up. Further standardization
of reporting migration outcomes is essential to facilitate comparison and pooling of data.
In this chapter we discuss several factors that should be taken into account in the further
evaluation of migration patterns in the upper extremity, including biomechanical differences
between upper and lower limb joints, the influence of rheumatoid arthritis (RA) on migration
and the importance of determining the right endpoint for implant failure. Notwithstanding
high accuracy and precision in TEA, TWA and TMC joint arthroplasty, concerns about the
feasibility of RSA have to do with the small size of the surrounding bone. Before further RSA
studies will be performed using model-based RSA, we recommend to examine the feasibility
of newly developed techniques as CT-based RSA in small joints of the upper extremity.
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Vanaf de jaren ’70 wordt (vroege) migratie van orthopedische implantaten gemeten met
behulp van radiostereometrische analyse (RSA), een zeer nauwkeurige röntgentechniek
die het mogelijk maakt om microbewegingen tot tienden van millimeters vast te leggen.
Hoofdstuk 1 van dit proefschrift geeft een beknopt overzicht van de geschiedenis van RSA
en een korte uitleg over de techniek achter het meten van migraties. De hoge accuratesse
en precisie van RSA is uitgebreid beschreven voor het meten van migratie van totale heup(THP) en totale knieprotheses (TKP). Daarnaast is er een duidelijke relatie aangetoond
tussen gemeten migratie in de eerste twee jaar na de operatie en het risico op vroegtijdige
loslating van protheses. Het is echter onduidelijk of RSA net zo accuraat en precies is
wanneer de techniek wordt toegepast in de bovenste extremiteit. Ook is niet duidelijk of
de voorspellende waarde van vroege migratie voor loslating op de langere termijn ook geldt
voor schouder-, elleboog-, pols- of handprothesiologie. Het doel van dit proefschrift is dan
ook de rol van RSA te onderzoeken in het beoordelen van orthopedische implantaten in de
bovenste extremiteit.

DEEL I – Accuratesse en precisie van RSA in de bovenste extremiteit
Hoofdstuk 2 beschrijft een systematisch literatuuronderzoek naar de accuratesse en
precisie van RSA in schouder-, elleboog-, pols- en handprothesiologie. Veertien studies
betreffende de schouder, vier over de elleboog en vijf studies over de duimbasis (of: het
trapeziometacarpale (TMC) gewricht) konden worden geïncludeerd. Precisie van RSA van
de schouder varieerde van 0.06 – 0.88mm voor translaties en van 0.05 – 10.7° voor rotaties.
In de elleboog varieerde de precisie van 0.05 – 0.34mm en van 0.16 – 0.76° en in het TMC
gewricht van 0.16 – 1.83mm en van 11 – 124°. De accuratesse van RSA werd niet beschreven
in de geïncludeerde studies. In veruit de meeste studies werden aanbevelingen uit bestaande
RSA richtlijnen onvolledig toegepast, resulterend in een heterogene presentatie van data.
Dit systematisch literatuuronderzoek toont aan dat RSA een zeer precieze methode is om
migratie van orthopedische implantaten in de bovenste extremiteit te meten. Echter is de
precisie lager voor het meten van rotaties rond de symmetrieas in symmetrische implantaten
zoals de zogenaamde resurfacing schouderimplantaten. Ook vonden we een lagere precisie
wanneer RSA wordt toegepast in kleinere gewrichten zoals het TMC gewricht. Dit kan
worden verklaard door een slechte drie-dimensionele spreiding van botmakers als gevolg
van de beperkte omvang van het omliggende bot.

DEEL II – RSA in het trapeziometacarpale gewricht
In hoofdstuk 3 onderzoeken we in een experimentele studie de uitvoerbaarheid van RSA
in het TMC gewricht. Hiertoe werd in vijf anatomische preparaten van de hand het TMC
gewricht vervangen door een surface replacement (SR) TMC prothese. Van elke hand werden
tien RSA opnames gemaakt waarbij werd verondersteld dat er geen migratie van de prothese
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ten opzichte van het bot zou optreden in de tijd tussen de verschillende opnames. Gemeten
migratie tussen de verschillende RSA opnames werd dan ook als meetfout beschouwd. De
“zero motion” accuratesse varieerde van 0.11 – 0.26mm voor translaties en van 1.47 – 3.72°
voor rotaties. In deze studie hebben we aangetoond dat RSA in het TMC gewricht mogelijk
is in een experimentele setting met een hoge precisie voor het meten van translaties. De
lagere precisie voor rotaties van de prothese is het gevolg van een slechte drie-dimensionale
spreiding van de geplaatste botmakers.
Het doel van de in hoofdstuk 4 beschreven pilotstudie was het meten van de migratie van
de SR TMC prothese in een klinische setting. De SR TMC prothese werd geïmplanteerd in
tien patiënten met artrose van het duimbasisgewricht. Secundaire uitkomstmaten waren
patiënt gerapporteerde uitkomsten (DASH, Nelson Score) en survival van de prothese na
vijf jaar follow-up. Vijf jaar na implantatie was de gemiddelde translatie van de prothese
0.0-0.5mm en de gemiddelde rotatie 0.3-2.3°. Hoge standaarddeviaties wijzen echter op
een matige precisie van gemeten rotatiewaarden. Twee patiënten ondergingen een vroege
revisie van de prothese in verband met pijnklachten, zonder tekenen van loslating. Klinische
uitkomsten in de andere acht patiënten verbeterden significant.
De lange termijn follow-up van dit cohort is beschreven in hoofdstuk 5. Het doel van deze
studie was het onderzoeken van klinische uitkomsten en overleving van de prothese met
een follow-up duur van tien jaar. Daarnaast werd de lange termijn migratie in kaart gebracht.
Ondanks dat er in deze studie geen extra revisies werden gerapporteerd, bleek er tijdens de
10-jaar follow-up wel sprake van loslating van de prothese in twee patiënten. De klinische
resultaten van deze twee patiënten verslechterden aanzienlijk. Klinische uitkomsten
in de patiënten met een stabiele prothese bleven zeer goed. Om de precisie van RSA in
het TMC gewricht te bepalen in een klinische setting, werd gebruik gemaakt van double
examinations: twee op hetzelfde moment genomen röntgenfoto’s waartussen de ‘migratie’
gemeten werd. De precisie van translaties was goed en varieerde van 0.10 – 0.12m. Rotaties
konden in deze studie niet worden bepaald als gevolg van instabiele markers en een matig
drie-dimensionele spreiding van de markers. Tot slot worden in dit hoofdstuk de technische
uitdagingen benoemd die komen kijken bij het gebruik van RSA in kleinere gewrichten als het
TMC gewricht. Mogelijke oplossingen als marker configuration (MC) en reversed migration
calculation worden besproken.

DEEL III – RSA in de elleboog
Migratie van totale elleboogprotheses, gemeten met RSA, is slechts beschreven in een
handvol studies met overwegend korte-termijn follow-up. Over de invloed van vroege
migratie van elleboogprotheses op lange-termijn uitkomsten is dan ook weinig bekend.
Het doel van hoofdstuk 6 was het onderzoeken van de lange-termijn overleving van de
Instrumented Bone Preserving (IBP) totale elleboogprothese, een prothese die ontwikkeld is
met het doel zoveel mogelijk intercondylair bot te behouden en daarmee fixatie en stabiliteit
van de prothese te optimaliseren. Om de invloed van vroege migratie op lange-termijn
uitkomsten te onderzoeken werden korte-termijn migratiewaarden vergeleken tussen
gereviseerde en niet-gereviseerde implantaten. Klinische uitkomsten ((Elbow Function
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Assessment (EFA), Broberg and Morrey functional rating index (EFRI, Oxford Elbow Score
(OES) en de Visual Analog Scale (VAS) voor pijn) en migratie van de IBP werden beschreven
met een follow-up duur van ten minste tien jaar. Tien-jaar overleving van de prosthese was
75%, dalend naar 63% na veertien jaar. Er was geen verschil in korte-termijn migratie tussen
gereviseerde en niet-gereviseerde implantaten, echter was het aantal patiënten in deze
studie niet voldoende om conclusies te kunnen trekken over het mogelijke verband tussen
vroege migratie en lange-termijn uitkomsten. Lange-termijn migratie kon worden gemeten
in vier patiënten en was zeer variabel. Meerdere patiënten in deze studie zagen in het geval
van loslating van hun prothese af van een revisie van de prothese. Dit betekent dat revisie
van de prothese mogelijk niet het juiste eindpunt is in verder onderzoek naar het verband
tussen vroege migratie en lange-termijn uitkomsten in elleboogprothesiologie.

DEEL IV – RSA in de schouder
In hoofdstuk 7 presenteren we de resultaten van een RSA studie waarin we de initiële
fixatie, migratie en klinische uitkomsten van 24 steelloze humeruscomponenten van de
Simpliciti Schouderprothese onderzoeken. De steelloze humeruscomponent van de totale
schouderprothese is ontwikkeld om problemen gerelateerd aan de humerussteel (fracturen,
complexe revisies) te voorkomen. Gestoeld op theoretische voordelen en veelbelovende
korte-termijn uitkomsten heeft dit type implantaat snel aan populariteit gewonnen en zullen
er op korte termijn wereldwijd meer steelloze dan gesteelde humerusimplantaten worden
ingebracht. Steelloze humerusimplantaten vinden hun fixatie in spongieus metafysair
bot. Dit zou in theorie kunnen leiden tot een suboptimale fixatie met invloed op langetermijn overleving van de prothese. In deze studie toonden we aan dat twintig van de 24
implantaten stabiliseerden binnen de eerste twaalf maanden postoperatief. Echter was
er in vier (17%) protheses sprake van continue migratie tussen twaalf en 24 maanden. De
klinische uitkomsten verbeterden klinisch en statistisch significant in alle patiënten. Ondanks
dat een relatie tussen vroege migratie en lange-termijn uitkomsten niet is aangetoond in
schouderprothesiologie, vormen de hoge migratiewaarden uit deze studie een reden tot
zorg. Het kritisch beoordelen van de lange-termijn resultaten van dit type implantaat is dan
ook van groot belang.

Algemene discussie
In hoofdstuk 8 worden de belangrijkste bevindingen van dit proefschrift besproken.
Migratie van orthopedische implantanten in de bovenste extremiteit is slechts sporadisch
onderzocht. Recent onderzoek heeft echter aangetoond dat het wel degelijk mogelijk is om
migratie van protheses in de bovenste extremiteit op een betrouwbare manier te meten. Dit
geldt met name voor prothesiologie van de schouder. Ondanks dat het aantal onderzochte
implantaten niet voldoende is om een eventuele relatie tussen vroege migratie en langetermijn uitkomsten betrouwbaar te kunnen onderzoeken, is er in de literatuur wel degelijk
een aantal aanwijzingen beschreven voor de voorspellende waarde van vroege migratie van
schouderprotheses. Op grond van de huidige literatuur en data uit dit proefschrift is het advies
om alle nieuwe schouderprotheses te analyseren middels RSA in kleine patiëntengroepen
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alvorens deze toe te laten tot de markt. Vervolgonderzoek naar de voorspellende waarde van
vroege migratie in schouderprotheses vraagt uitbreiding van het aantal studies dat vroege
migratie en lange-termijn uitkomsten onderzoekt. Het gestandaardiseerd rapporteren van
migratie uitkomsten is essentieel voor het vergelijken en het samenvoegen van data in de
toekomst. In dit hoofdstuk worden verschillende factoren besproken die belangrijk zijn om
in ogenschouw te nemen tijdens verder onderzoek naar migratiepatronen in de bovenste
extremiteit: verschillen in biomechanica tussen de bovenste en de onderste extremiteit, de
invloed van reumatische artritis op migratie en het belang van het definiëren van het juiste
eindpunt voor het falen van een prothese. Ondanks dat er in de literatuur een hoge precisie
van RSA is beschreven voor prothesiologie van de elleboog, pols en het TMC gewricht, staat
de uitvoerbaarheid van RSA in deze gewrichten ter discussie door technische uitdagingen
als gevolg van de beperkte omvang van de gewrichten. Wij raden dan ook aan om, voordat
nieuwe RSA studies in deze gewrichten worden gestart met de huidige model-based RSA
software, eerst verder onderzoek te doen naar de haalbaarheid van nieuwe ontwikkelingen
als bijvoorbeeld RSA gebaseerd op CT-onderzoek.
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Abbreviations
3D

Three dimensional

ASA

American society of
anesthesiologists

aTSA

MB-RSA Model-based radiostereometric
analysis
MC

Marker configuration

Anatomic total shoulder
arthroplastly

MCID

Minimal clinically important
difference

AVN

Avascular necrosis

ME

Mean error

BMI

Body mass index

METC

CAD

Computer aided design

Medisch ethische
toetsingscommissie, Medical
ethical committee

CMS

Constant-murley score

Mm

Millimeter

CN

Condition number

MRI

Magnetic resonance imaging

CT

Computed tomography

MTPM Maximum total point of motion

DASH

Disabilities of the arm, shoulder
and hand

OA

Osteoarthritis, osteoarthrosis

DIP

Distal interphalangeal

ODEP

Orthopaedic data evaluation panel

EFA

Elbow function assessment

OES

Oxford elbow score

EFRI

Elbow functional rating index

OSS

Oxford shoulder score

FE

Finite element

HHRI

Humeral head resurfacing
implants

IBP

Instrumented bone preserving

ISO

International organization for
standardization

IQR

Interquartile range

ABBREVIATIONS

PRISMA Preferred reporting items for
systematic reviews and metaanalyses
PROM

Patient reported outcome
measures

RA

Rheumatoid arthritis

RE

Reversed engineered

ROM

Range of motion

RSA

Radiostereometric analysis
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rTSA

Reverse total shoulder
arthroplasty

SD

Standard deviation

SPECT

Single photon emission computed
tomography

SR

Surface replacement

TEA

Total elbow arthroplasty

THA

Total hip arthroplasty

TJA

Total joint arthroplasty

TKA

Total knee arthroplasty

TMC

Trapeziometacarpal

TSA

Total shoulder arthroplasty

TT

Total translation

TR

Total rotation

TWA

Total wrist arthroplasty

VAS

Visual analogue scale
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mijn promotietraject alsnog een Rotterdams proefschrift is geworden!
Dr. N.M.C. Mathijssen, beste Nina. Je weet welke zin er nu gaat komen. “Ik heb nog een
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Geachte overige leden van de promotiecommissie, prof.dr. S.M.A. Bierma-Zeinstra, prof.dr.
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Lieve Elin en Lasse. Wetenschap is eigenlijk niets meer dan de nieuwsgierigheid naar het
onbekende. Wat dat betreft zijn jullie allebei professor! Wat is het heerlijk om me samen
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