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Chapter 1

Total hip and knee arthroplasty

When conservative treatment has failed, end stage osteoarthritis of the knee and hip joint
can be successfully treated with total knee arthroplasty (TKA) and total hip arthroplasty
(THA), respectively. Both TKA and THA have shown to be extremely effective procedures
that result in substantial improvement in health-related quality of life for patients (1). In
Western countries, about 10-23% of women and 6-16% of men will receive a TKA during
their life (2). For THA, the lifetime risk for women is 12-16% and 8-11% for men (3). In the
past decades, a continuous increase in the number of annually performed TKA and THA
procedures has been observed in Western European countries (4-6). Due to aging of our
population and a growing number of people with obesity, a further increase is expected in
the near future (7).

With an increase in the number of primary arthroplasty procedures, the absolute
number of revision arthroplasties is also expected to rise. The 10 year cumulative revision
percentage of the best-performing TKA implants nowadays is around 3% (4, 5). As for THA,
cumulative revision percentages of the best-performing implants have been reported to be
around 2% after 10 years (4). Although these mean revision percentages are small, the
absolute annual number of these implants is large, and there are still many implants on the
market with much higher revision rates. Furthermore, considerable variation between
patient age groups in 10 year cumulative revision risk after primary TKA exists, ranging
between 1.6% and 13% (8). For example, patients who are aged 55 years and younger have
an increased lifetime risk of revision (8, 9).

Revision procedures are technically demanding for both surgeon and patient and often
require removal of some or all components, management of bone loss, and complex wound
closures (10). Besides the high perioperative morbidity that patients are subjected to during
revision surgery, it is also an expensive procedure and requires extensive resources (11).
The expected increased total number of revision surgeries will therefore pose a significant
(financial) burden on our national healthcare systems (12, 13). Given the foreseen limited
healthcare resources in the near future, it is of major importance to avoid the use of
underperforming implants. Limiting the use of implants with high revision rates may help

to reduce the burden on patients overall quality of life and healthcare costs for society.
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New implant designs

Novel arthroplasty implants are introduced to the market every year (14, 15). Such new
implants are mostly expected to provide better clinical outcome compared with implants
that are already available. However, the introduction of new implants in the past has not
always resulted in lower revision rates or improved patient-reported outcomes. As for the
latter, patient-reported outcomes are generally related to the patients’ preoperative
expectations regarding the potential benefits of the arthroplasty procedure, rather than the
implant itself (16, 17). Most new implants have limited or no clinical evidence when they
are released to the market to justify their use or to enable surgeons to compare their
outcome with well-established implants (14). To ensure patient safety, and proof of clinical
evidence and at the same time accommodate innovation, adequate regulations needed. In
the European Union (EU), uncertainties on “adequate” clinical evidence for implantable
medical devices, as well as presence of software applications within the clinical domain,
were some of the reasons to have the EU Medical Device Regulation (MDR) (2017/745)
implemented in May 2021 (18, 19). The MDR has increased the requirements for clinical
evidence before new, high-risk, devices can be approved, and attributed post-market
responsibilities to the manufactures and national regulatory agencies (18). Hip and knee
arthroplasty implants are considered high-risk (class III) implantable medical devices,
which have to adhere to the MDR.

A predominant reason for revision surgery after arthroplasty of both the hip and knee
jointis aseptic loosening, which is the failure of fixation of an implant within its surrounding
bone in the absence of an infection (4, 5, 20). Following primary THA, aseptic loosening of
the acetabular component is one of the most common causes for revision surgery (20% to
35%) (4, 21). This indicates the need for the development of acetabular components with
better and longer-lasting fixation within the bone. However, new implants are not always
created because of an expected (theoretical) improved implant fixation in the bone. Medical
device companies may also launch new implants to the market because of they have adapted
a new manufacturing technique to optimize the production process and meet production
demands. Even though changes to the manufacturing process of an established implant may
seem minimal, such small changes to the manufacturing process and/or implant surfaces
have been associated with unacceptable long-term failure rates in the past (22-26). It has

also been shown that (accidental) changes in the manufacturing process of orthopaedic
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implants may significantly affect their clinical performance (27). Therefore, even when only
“minor” changes to an implant or its production process have occurred, critical early post-
market evaluation of new implants is important to prevent disasters to patients. As for total
knee implants, aseptic loosening of the tibial baseplate remains one of the leading causes of
revision surgery after primary TKA (4, 5, 20). Therefore, achieving long-lasting fixation of
tibial implants is crucial To overcome the problem of tibial baseplate loosening in TKA,
numerous implant designs and fixation techniques have been proposed. In Northwestern
Europe, cemented fixation of the tibial baseplate is still used in the majority of primary TKAs
(4, 6). However, because of observed loss of cement-bone interlock and debonding at the
cement-implant interface, the use of primary cementless TKA continues to grow (28, 29). In
the past decade, the use of metallic three-dimensional (3D)-printing has gained popularity
in the field of Orthopaedic surgery (30, 31). 3D-priting facilitates the production of
cementless implants with complex porous structures, which could potentially improve the
bone-implant fixation. However, as with most new designs, clinical evaluation of 3D-printed
tibial baseplates remains limited to short-term and midterm follow-up studies. The latter
warrants further clinical evaluation because loosening may only occur at longer follow-up.

To ensure the quality of orthopaedic implants and safeguard patient safety, the need for
a phased evidence based introduction of new THAs and TKAs that are released has been
argued previously (32-35). Such a phased introduction is needed when an implant is
produced with a completely new manufacturing process (e.g. 3D printing), but also when
only seemingly small changes to the manufacturing process of an implant have been made
(e.g. a different process for applying the titanium surface). Early detection of
underperforming implants may prevent their widespread use and limit the potential harm
to patients. Additionally, the profound impact on health-related costs by introducing
implants with a high revision risk can be constrained.

Implant loosening, as one of the major causes for revision surgery, starts with sub-
millimetre migration of the implant relative to its surrounding bone, before gradually
evolving into gross movement that translates to clinical symptoms such as pain (36-38).
Early micromotion of an implant can be accurately detected by a radiographic technique

called radiostereometric analysis (RSA).
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Radiostereometric analysis: Background

The technique of measuring the 3D positions of objects in space using roentgen rays dates
back to the time when X-rays were discovered. Already in 1987, Davidson and Hedley
reported the use of two roentgen foci to determine the 3D position of an object (39).
However, the basic principles of modern radiostereometric analysis (RSA) were first
described by Goran Selvik in the 1970s in Sweden (40, 41). Selvik developed RSA to assess
the movement of orthopaedic implants in patients relative to its surrounding bone. For this,
the 3D position of radiopaque markers that are inserted into the bone and prostheses can

be determined by taking simultaneous X-ray images (Figure 1).

Figure 1. Standard RSA setup with an uniplanar calibration cage underneath the prosthesis of interest. Two
roentgen tubes are focused on the joint of interest angled at a 40° angle to each other. The roentgen detectors
are placed in below the calibration cage. Published in: Valstar et al. Guidelines for standardization of

radiostereometry (RSA) of implants. Acta Orthopaedica. 2005;76(4):563-572.

By taking subsequent RSA images of the same implant in a patient over time, the
micromotion of an implant relative to its surrounding bone over time can be calculated. RSA
allows for the assessment of implant migration with sub-millimetre and sub-degree

accuracy (40, 42).
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In 1995, Ryd et al. (37) showed that continued migration in the 2 postoperative year of
individual tibial components, as measured with RSA, is predictive of long-term implant
survival in patients. Twenty years later, Pijls et al. (43) showed that there is a clinically
relevant association between early (1-2 years) implant migration and late (10 years)
revision because of loosening at group level for tibial components in TKA, and later for
acetabular cups in THA (44, 45). Based on these studies, specific migration thresholds were
proposed that could be implemented in a phased evidence-based introduction of new types
of total knee implants and acetabular cups (43, 44). With these thresholds and given its high
accuracy, RSA allows for the early detection of total knee implants with a high risk of
loosening while exposing only a small number of patients (43). Similar as for TKA, early
migration of acetabular cups and hip arthroplasty stems have also been associated with late

revision due to loosening (44, 46).

Hip Prosthesis Knee Prosthesis

Prosthesis markers

A
Bone markers

Figure 2. Hip and knee prosthesis with bone markers and prosthesis markers. For accurate definition of the
3D position of the bone and prosthesis, tantalum markers are inserted in the bone and markers are attached
to the prosthesis or inserted into the polyethylene component of the prosthesis. Published in: Valstar et al.
Guidelines for standardization of radiostereometry (RSA) of implants. Acta Orthopaedica. 2005;76(4):563-
572.
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Radiostereometric analysis: Methods

Different RSA methods are available to analyse implant migration over time, including
marker-based RSA, model-based RSA, and computed tomography (CT)-RSA. Marker-based
RSA requires the implant and bone to be defined in 3D by inserting small radiopaque
markers in both segments (47) (Figure 2). To define the implant, markers can be fixed to the
tibial component or inserted in the (modular or non-modular) poly-ethylene (PE) insert.

Model-based RSA eliminates the need for prosthesis markers by matching a virtual
projection of a 3D model with the contours of the implant’s radiographic projection (48).
Previous studies have shown that the results of model-based RSA are comparable with
conventional marker-based RSA on a group level, but migration patterns of individual
patients (i.e. implants) may differ as a result of distinct types of measurement error (48-51).
More recently, CT-RSA has been introduced as another method to analyse implant migration
(52-54). CT-RSA does not require markers or a calibration box and seems to have similar
accuracy as the other methods. However, limitations of CT-RSA include the higher radiation
dose of CT scans compared with conventional radiographs and that it currently lacks
quantifiable-control measures similar to what is found in conventional RSA (54).

However, within both marker-based RSA and model-based RSA, different methods for
analysing implant migration exist. When markers are used to define the 3D position of a
rigid body (i.e. bone or prosthesis), potential problems include that markers can (1) be
superimposed by implant projection, (2) be out of view due to incorrect patient positioning,
(3) become invisible due to poor roentgen technique, or (4) become unstable and migrate
relative to other individual markers. Therefore, a different set of markers that can be used
for the migration analyses may be available in subsequent RSA examinations of the same
patients. An RSA analyst has to choose whether to calculate implant migration using only
those markers consistently visible at all RSA examinations of the patients or use all available
markers at each follow-up examination that can be matched to the reference RSA image. To
this day, it is often not explicitly reported which marker-selection method has been used in
clinical RSA studies and it remains unknown if different marker-selection methods affect
individual and/or group level implant migration results. If migration results of an implant
would change based on the marker-selection method used, this could potentially influence
the interpretation of the result and subsequent estimated long-term risk of revision because

of loosening based on specific thresholds. Additionally, this may impair pooling and

15

Chapter 1



Chapter 1

comparing RSA migration data of individual studies using different marker-selection

methods.

Radiostereometric analysis: Guidelines for standardization

Because of need for standardization of RSA investigations to facilitate comparison of
outcomes reported by different research groups, a paper with guidelines was published in
2005 by an international group of RSA experts (55). This paper is considered a “landmark
paper” in the field of RSA research and frequently referred to as “The RSA guidelines” (56).
After publication of these guidelines, the methodological reporting in RSA studies improved
significantly (57). Furthermore, the guidelines formed the basis for the ISO standard on RSA
analysis for the assessment of migration of orthopaedic implants (ISO 16087:2013) that was
published in 2013 (55, 58). However, both in the RSA guidelines and the ISO standard, the
need to report which marker-selection method was used within marker-based and model-
based RSA was not included. It is therefore unclear which individual markers should be
selected during each RSA follow-up examination to perform the migration analysis. The RSA
guidelines and ISO standard do state that if the points of measurement in a rigid body do not
correspond between different implant designs, any comparison will be incorrect (55, 58).
To overcome this problem, fictive points should be used to assess maximum total point
motion (MTPM) (i.e. the length of the translation vector of the point in a rigid body that has
the greatest motion) (55). However, in clinical RSA studies on TKA implant migration with
markers in the polyethylene insert a tibial component, fictive points are often not used (59-
62). Also, the guidelines do not describe the number and location of fictive points that should
be used for each implant and how these should be plotted based on the actual tantalum
markers (55).

Recently, Kaptein et al. (63) published updated guidelines for standardization of RSA
implant migration measurements. These guidelines were the result of discussion with a
diverse group of RSA researchers and approved by the board and selected members of the
International Radiostereometry Society (64). The goal of the new guidelines was to ensure
better adherence in the future of clinical RSA studies to common standards, as migration
assessment methods have been further developed in the past two decades. The guidelines
include a reporting checklist which is intended to serve as a checklist table specifically for

prosthesis migration studies. To accurately assess the reliability and reproducibility of a
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study, it is important for clinical RSA studies to adhere to all checklist items. The reporting
checklist in the updated RSA guidelines includes several additional items compared with the
checklist of standardized output in the old guidelines. For example, the new checklist states
that studies using marker-based or model-based RSA should report the marker-selection
method that was used (63).

Madanat et al. (57) showed over a decade ago that the old RSA guidelines had improved
methodological reporting in RSA studies, but that the adherence to the guideline items still
remained relatively low (55). Even though the new guidelines are the result of extensive
discussion among experts, which might indicate that any additional items in the new
guideline are already reported in contemporary RSA studies, it is unclear to what extent RSA

studies adhere to all (additional) items that are stated in the new reporting checklist.

Radiostereometric analysis: Clinical benefit

RSA is considered a valuable tool in the early phase of the clinical introduction of new
implants to the market (32, 35). RSA could warn clinicians about new implants that are more
likely to have an increased long-term risk of revision because of loosening, thus
safeguarding against the widespread use of underperforming implants. Thereby,
theoretically, only better-performing implants with low revision risks will remain. The
introduction of new implants with short-term RSA migration results as qualitative tool could
lead to better patient care and could reduce costs associated with revision surgery (32).
However, follow-up in registries is necessary to substantiate this theory.

Only a limited number of all arthroplasty implants available on the market have been
tested with RSA. To this day, the additional clinical benefit of RSA studies on TKA implant
migration has only been studied by assessing mean all-cause revision rates from aggregate-
level survival data (32, 65). Hasan et al. (65) showed that “RSA-tested” TKA implants on
average have a lower 10 year revision risk compared with TKAs that have not been tested
with RSA (i.e. “non-RSA-tested” TKAs). The latter study assessed the mean all-cause revision
risk of RSA-tested TKAs by matching implant designs from published RSA-studies with the
performance of these implants as reported in annual reports of national arthroplasty
registries. However, it remains unclear if patients receiving an RSA-tested implant are
comparable to patients receiving a non-RSA-tested implant. Moreover, the study by Hasan

etal. (65) considered all-cause revision whereas early migration as measured with RSA can
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be used as a proxy for the risk of revision due to implant loosening, not for other causes of
revision (e.g. early infection) (49). Finally, different implant designs exist within a single
brand implant portfolio and annual reports of arthroplasty registries do not separately
report the outcomes of these different variants of implant designs (66, 67). The latter creates
camouflage of outcome results of less favourable performing variations of a type of an
implant, as was recently shown by variants of the Nexgen knee arthroplasty that performed
significantly worse (68). Therefore, patient-level analyses are needed to accurately compare
the revision risk due to loosening of RSA-tested with non-RSA-tested TKA implants and to
take more detailed implant information (e.g. identifying the specific implant variants) into
account than what is reported in annual registry reports.

Disadvantages of performing (RSA) radiographs during the follow-up of patients after
TKA include the costs of 2 radiographs (and analysis) and burden on patients, such as
clinical visits. Given the increasing healthcare costs and excellent performance after most
modern TKAs, patient-reported outcome measures (PROMs) have been suggested in
previous years as a feasible alternative to traditional regular outpatient clinic follow-up
after TKA (69, 70). This raises the question if PROMs after TKA could also be used during
the phased evidence-based introduction of new implants as a substitute for RSA, to estimate
the long-term risk of revision of new implants. If TKA implant migration is associated with
a detectable change in PROMs and/or clinical knee scores in patients, this may suggest that
these outcome measures measure the same underlying safety issue and therefore can be
used interchangeably, thereby eliminating the need for RSA radiographs and reducing costs

while maintaining quality and safety for the patients.

Outline of this thesis

The aim of this thesis was to contribute to a better understanding of the value of implant
migration analysis (i.e. RSA) in providing clinical evidence on the performance of novel
arthroplasty implants. We assessed how RSA can be utilized to improve overall patient
outcomes. The associations between quantitative implant migration and qualitative
measures perceived by patients (i.e. PROMs) after TKA were studied. Furthermore, we
analysed the short-and medium-term migration of novel arthroplasty implants, compared
different RSA methods, and assessed the reporting quality of clinical RSA studies. Finally,

the clinical performance of implants tested with RSA was studied.
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While implant migration analysis is a highly accurate quantitative measure of implant
performance (i.e. implant fixation in the bone), also qualitative measures, such as PROMs,
are used to assess the clinical outcome for patients after arthroplasty. These PROMs reflect
the patient’s perspective of their functional status, pain, and overall health before and after
TKA. Chapter 2 explores whether arthroplasty outcomes can be evaluated solely through
PROMs, by assessing the association between tibial component migration, as measured with

RSA, with postoperative change in PROMs during 10 year follow-up after TKA.

Critical post-market evaluation of new implants produced with different manufacturing
processes is needed to detect any potential problems early, in order to and prevent
widespread use of underperforming implants. Chapter 3 evaluates the early migration
pattern, using RSA, of a novel cementless hydroxyapatite-coated titanium acetabular shell
compared with its well-established predecessor, in patients undergoing THA. Chapter 4
evaluates a new cementless 3D printed TKA and a conventionally manufactured cemented

TKA with a similar design during 5 years.

The methodology and reporting quality of clinical RSA studies on prosthesis migration are
essential for interpreting results. Chapter 5 assessed the impact of marker-selection
methods during RSA analysis on TKA migration results. Chapter 6 studies the adherence to

the updated RSA guidelines of all RSA studies on prosthesis published in the last decade.

Finally, the overall societal impact of RSA testing is analysed by using patient-level data from
the Dutch Arthroplasty Register (LROI), by comparing RSA-tested and non-RSA-tested TKA
implants (chapter 7).

Chapter 8 summarises, discusses, and reflects on the findings of this thesis. Finally, future

perspectives on providing clinical evidence of arthroplasty implants and tools to assess

benefit and risk for patients are discussed.
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Abstract

Background

Radiostereometric analysis (RSA) provides highly accurate data about the migration of a
total knee arthroplasty (TKA) component. However, patient-reported outcome measures
(PROMs) reflect the patients’ perspective of their functional status, pain, and overall health
after TKA. The aim of this study was to evaluate the association between tibial implant
migration and change in postoperative PROMs and clinical scores, using data pooled from

long-term follow-up RSA studies.

Methods

Individual implant migration data were collected from 5 randomized RSA studies, inclu-
ding a total of 300 patients with 6 distinct TKA implant designs (all Stryker). Tibial implant
migration (maximum total point motion [MTPM]) was evaluated with RSA at 3 months,
1 year, and 2, 5, 7, and 10 years postoperatively. The Knee Society Score (KSS)- Knee and
KSS- Function and Knee Injury and Osteoarthritis Outcome Score (KOOS) subscales were
collected in all studies at the same follow-up times. Linear mixed-effects models, with ad-
justment for TKA implant design and patient characteristics, were used to analyze the data.
The 3-month follow-up visit was used as the baseline to assess the association between

implant migration and PROMs across the 10-year follow-up.

Results

No association between tibial implant migration and change in KSS-Knee (p = 0.384), KSS-
Function (p = 0.737), KOOS-Symptoms (p = 0.398), KOOS-Pain (p = 0.699), KOOS-Activities
of Daily Living (p = 0.205), KOOS-Sport and Recreation (p = 0.702), or KOOS-Quality of Life
(p = 0.368) was found across the entire follow-up. Similar results were found when using the
2-year follow-up as the baseline, after which both cemented and uncemented implants are

expected to have stabilized.



Conclusions

Tibial baseplate migration was not associated with postoperative worsening in PROMs or
clinical scores in patients who underwent TKA. These findings suggest that implant migra-
tion, as measured with RSA, measures a different parameter (i.e., implant-bone fixation)
than PROMs (i.e., patient perception) and clinical scores. Therefore, to assess the performan-
ce and safety of TKA implant designs, RSA and PROMs cannot be used interchangeably du-

ring the postoperative follow-up of patients and evaluation of the fixation of knee implants.

Level of evidence

Prognostic level III.
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Introduction

Patient-reported outcome measures (PROMs) are increasingly employed in orthopaedics,
reflecting the change of focus from volume-based to value-based health-care delivery by
evaluating what matters and what is expected by patients after arthroplasty (1-4). Given the
increasing health-care costs of and the excellent performance after most total knee
arthroplasties (TKAs), PROMs have been suggested as a feasible alternative to the traditional
regular outpatient clinic follow-up after TKA (5, 6).

Radiostereometric analysis (RSA) is a highly accurate and objective technique to detect
minimal implant migration (0.1 to 0.2 mm) during early follow-up, which is associated with
implant (e.g, TKA implant) revision risk (7, 8). If TKA implant migration (i.e., implant
fixation in the bone) is associated with a decrease in PROMs and/or clinical knee scores, this
would suggest that these scores can be used interchangeably for the follow-up of patients
who underwent TKA, thereby reducing costs (e.g., no clinical visits) while maintaining
quality and safety for the patients who underwent TKA. To our knowledge, no studies have
investigated the association of tibial baseplate migration in patients who underwent TKA
and PROMs and clinical scores. Recently, Steiner et al. (9) found that hip stem migration did
not significantly influence PROMs at 2 years postoperatively in patients who underwent total
hip arthroplasty (THA).

The aim of the present study was to assess whether TKA tibial component migration, as
measured with RSA, is associated with changes in postoperative PROMs and clinical scores
in patients who undergo TKA. We hypothesized that tibial implant migration is not
associated with postoperative improvement in PROMs or clinical scores, as they measure

different constructs.

Material and methods

Study design

Pooling individual tibial baseplate migration data from multiple, long-term RSA studies
increases the statistical power to detect possible associations (10). Long-term follow-up
data were collected from 5 individual RSA studies, all conducted at a single center

(Hassleholm Hospital) with inclusion periods between 2006 and 2010 (Table I). Patient
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selection, baseline characteristics, and surgical procedures of the studies have been
described in previous short-term and mid-term reports (11-17). In short, each study was a
randomized controlled trial (RCT) using RSA to assess differences in migration between 2
TKA implant designs. The studies included 300 patients in total and 6 distinct TKA implant
designs. The Triathlon cruciate-retaining (CR) cemented implant was included in 4 studies,
and the Triathlon CR uncemented peri-apatite (PA)-coated implant was included in 2
studies. The other TKA designs were included in 1 study each: the Duracon CR cemented,
Triathlon posterior-stabilized (PS) cemented, Triathlon CR uncemented porous-coated, and

Triathlon short-stem (i.e., short-keeled) CR cemented implants (all Stryker).

Table 1. Study characteristics

Inclusion No. of Clinicaltrials.gov

Implant designs . . . .
period patients registration

Triathlon CR ted
Study1 . oorontRcemente 2006 60 NCT00436982
Duracon CR cemented

Triathlon CR cemented
Study 2 Triathlon PS cemented 2007 60 NCT02522728

Triathlon CR ted PA-coated
Study3 . ooroniRuncemented Fa-coate 2007 to 2008 60 NCT03198533
Triathlon CR uncemented porous-coated

Triathlon CR cemented
Study 4 Triathlon short-stem CR cemented 2008 to 2010 60 NCT02525614

Triathlon CR cemented
Study 5 Triathlon CR uncemented PA-coated 200902010 60 NCT02525601

RSA

In all studies, RSA radiographs were made on the first day after the surgical procedure when
weight-bearing was achieved. Subsequent examinations were performed at 3 months, 1 year,
and 2, 5, 7, and 10 years postoperatively. RSA radiographs were made with the patient in a
supine position with the knee in a calibration cage (Cage 10; RSA Biomedical). Migration was
calculated using marker-based analysis, with 8 tantalum beads with a diameter of 0.8 mm
(RSA Biomedical) inserted into the tibial bone and 5 beads inserted into the polyethylene
insert. The same experienced RSA analyst performed the migration calculations in all studies
using all available markers at each follow-up that could be matched to the baseline RSA
image. The postoperative RSA examination served as the reference for migration
calculations in all studies. Analyses were performed with UmRSA software (version 6.0; RSA
Biomedical) in concordance with the International Organization for Standardization (ISO)

standard and RSA guidelines (18, 19). Maximum total point motion (MTPM), which is the
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length of the translation vector of the marker in a rigid body with the greatest migration,

was used as the primary outcome measure for implant migration.

PROMs and clinical scores

The Knee Society Score (KSS) and Knee Injury and Osteoarthritis Outcome Score (KOOS)
were obtained preoperatively and at 3 months, 1 year, and 2, 5, 7, and 10 years
postoperatively in each study (20, 21). The KSS can be divided into the KSS-Knee and the
KSS-Function. The KOOS has 5 separately scored subscales: Symptoms, Pain, Activities of
Daily Living, Sport and Recreation (SR), and Quality of Life (QoL). All scores can range from
0 to 100, with higher scores indicating better outcomes. Only the KSS-Knee requires clinical
assessment of the knee, including the assessment of the range of motion and stability, and
was therefore considered to be a clinical score. All patient-reported outcome scores were

obtained from validated questionnaires.

Ethics and registration

All studies were approved by the local ethics committee (11-17)and registered at
ClinicalTrials.gov (Table I), and all patients gave their informed consent. A protocol to pool
the data from the studies was presented to the medical ethics committee of Leiden

University Medical Center, which waived the need for approval under Dutch law (P.15.198).

Statistical analysis
A linear mixed-effects model (LMM) was used to assess the MTPM of each specific TKA
implant design over the 10-year follow-up period, as this model takes the correlation of
measurements performed on the same patient into account and deals effectively with
missing values during follow-up; for patients who withdrew from the study (e.g., due to
revision), all measurements until withdrawal were included (22, 23). MTPM was log-
transformed, computed as log10(MTPM + 1), to obtain a normally distributed variable. The
presented values have been back-transformed to the original scale. To assess the PROMs for
the different TKA implant groups at the specific follow-up times, a comparable generalized
estimating equation (GEE) approach was used, as a normal distribution could not be
obtained through transformation.

To assess the association of tibial baseplate migration (MTPM) with PROMs and clinical

scores, separate LMMs were used for the different subscores (KSS-Knee, KSS-Function,
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KOOS-Symptoms, KOOS-Pain, KOOS-ADL, KOOS-SR, or KOOS-QoL). The 3-month follow-up
visit was used as the baseline, as this was the first follow-up time in which RSA examinations
and PROMs were collected at the same time. The changes in PROMs and clinical scores at
each follow-up visit were calculated, as well as the tibial implant migration (MTPM) relative
to the 3-month follow-up. The models included a PROM variable (change in score relative to
the 3-month follow-up score), a time variable (3 months, 1 year, and 2, 5, 7, and 10 years),
and an interaction term between time and the PROM to reflect that PROM improvement and
thereby its association with migration might change over time. TKA implant design was
included as a fixed factor, to account for the possible influence of implant design and fixation
method. Baseline patient characteristics (age, sex, American Society of Anesthesiologists
[ASA] score, and body mass index [BMI]) were added to the model as fixed factors as well.
For the random-effects structure, a random-intercept term was used and the remaining
variability was modeled with an autoregressive order-1 covariance structure. Beyond 2
years, after the initial settling phase, both cemented and uncemented implants should not
show any progression in migration. Continuous implant migration beyond 2 years indicates
insufficient fixation in the bone, and these implants are considered at risk for future aseptic
loosening. Therefore, we additionally assessed the association between implant migration
and PROMs and clinical scores after 2 years postoperatively. Means were reported with 95%
confidence intervals (CIs), and significance was set at p < 0.05. Analyses were performed

using SPSS (version 26.0; IBM) and R software (version 4.1.0; The R Foundation).

Results

A total of 300 patients were initially included in all studies. During the 10-year follow-up
period, 7 implants were revised because of infection (n = 2), component loosening (n = 2),
instability (n = 1), or insert wear (n = 2). The number of RSA examinations included in our
analysis is presented in Figure 1. At the 10-year follow-up, RSA migration data were available
for 163 patients (Figure 1). The complete CONSORT (Consolidated Standards of Reporting
Trials) flow diagrams of all individual studies are provided in supplementary data Figure A-
1. The most common reasons for not including RSA measurements were inadequate quality
of radiographs (e.g., not adhering to the RSA guidelines and the ISO standard) or missing
RSA radiographs of patients who remained included in the study (e.g., a missed follow-up

time) (18, 19).
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Study 1 Study 2 Study 3 Study 4 Study 5
Triathlon CR Triathlon CR Triathlon CR Triathlon CR Triathlon CR
cemented cemented uncemented cemented cemented

porous-coated
RSA analysis RSA analysis RSA analysis RSA analysis RSA analysis
included included included included included
Postop 29 Postop 25 Postop 29 Postop 30 Postop 28
3 months 28 3 months 24 3 months 28 3 months 28 3 months 26
lyear 28 lyear 23 lyear 24 lyear 29 lyear 25
2years 25 2years 21 2years 25 2years 27 2years 22
Syears 21 Syears 18 S5years 15 Syears 22 Syears 24
7 years 16 7 years 14 7 years 19 7 years 23 7 years 22
10 years 14 10 years 15 10 years 16 10 years 20 10 years 20
| I I | I
Duracon CR Triathlon PS Triathlon CR Triathlon Triathlon CR
cemented cemented uncemented short-stem uncemented
PA-coated CR cemented PA-coated

RSA analysis RSA analysis RSA analysis RSA analysis RSA analysis
included included included included included
Postop 28 Postop 29 Postop 27 Postop 29 Postop 30
3 months 26 3 months 28 3 months 27 3 months 28 3 months 28
lyear 25 lyear 26 lyear 23 lyear 25 lyear 26
2years 25 2years 25 2years 22 2years 26 2years 22
S5years 22 S5years 23 S5years 13 Syears 22 S5years 25
7 years 16 7 years 19 7 years 14 7 years 18 7 years 21
10 years 15 10 years 16 10 years 13 10 years 17 10 years 17

Figure 1. Number of RSA examinations included in the present study at each follow-up time for each
individual RCT.

RSA migration measurements

The different TKA implant designs showed distinct long-term migration patterns, with the
Triathlon CR uncemented porous-coated TKA implant showing the highest absolute
migration (i.e., MTPM) throughout the follow-up period (Figure 2). At the 10-year follow-up,
the mean migration of this TKA implant was 1.84 mm (95% CI, 1.59 to 2.12 mm) compared
with 0.74 mm (95% CI, 0.58 to 0.92 mm) for the Duracon CR cemented TKA implant, 0.70
mm (95% CI, 0.62 to 0.78 mm) for the Triathlon CR cemented TKA implant, 0.76 mm (95%
CI, 0.61 to 0.94 mm) for the Triathlon PS cemented TKA implant, 0.74 mm (95% CI, 0.59 to
0.90 mm) for the Triathlon CR short-stem cemented TKA implant, and 0.88 mm (95% CI,
0.76 to 1.02 mm) for the Triathlon CR uncemented PA-coated TKA implant. There was no
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difference in migration pattern (i.e., initial implant migration and later stabilization) of the
Triathlon CR cemented TKA implant within the 4 studies in which this implant was included
(p = 0.98). Also, the Triathlon CR uncemented PA-coated TKA implant showed a comparable
migration pattern during the 10-year follow-up in the 2 studies evaluating this design (p =

0.99) (see supplementary data, Figure A-2).

Migration over a 10-year follow-up period

2.5

2.0

1.5

1.0

0.5 3

Maximum total point motion (MTPM)

0.0
Time (years)
— Duracon CR cemented —— Triathlon PS cemented -+« Triathlon CR uncemented PA-coated

— Triathlon CR cemented Triathlon short-stem CR cemented --- Triathlon CR uncemented porous-coated

Figure 2. The mean MTPM, derived from the LMM analysis, during the 10-year follow-up. The error bars

indicate the 95% Cis. The individual lines represent distinct TKA implant designs.

Association of tibial implant migration with PROMs and clinical scores

The LMMs showed no significant association between KSS-Knee (p = 0.384), KSS-Function
(p = 0.737), KOOS-Symptoms (p = 0.398), KOOS-Pain (p = 0.699), KOOS-ADL (p = 0.205),
KOOS-SR (p = 0.702), or KOOS-QoL (p = 0.368) and TKA tibial component migration during
the 10-year follow-up when 3 months postoperatively was used as the baseline measure.
Analyzing tibial baseplate migration beyond 2 years postoperatively (i.e., when implants are
expected to show no progression in migration), no association with KSS-Knee (p = 0.063),
KSS-Function (p = 0.169), KOOS-Symptoms (p = 0.174), KOOS-Pain (p = 0.476), KOOS-ADL
(p=0.424), and KOOS-SR (p = 0.764) could be found. Only a significant association between
MTPM and change in KOOS-QoL between 2 and 10 years of follow-up was found (p = 0.045).
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The mean PROMs and clinical scores for each TKA implant design at the specific follow-up

times are presented in the supplementary data Table A-1.

Discussion

No association between TKA tibial component migration and postoperative change in
PROMs or clinical scores of patients during the 10-year follow-up after TKA was found in the
present study, meaning that worsening or less improvement of postoperative PROMs and
clinical scores over time does not indicate greater TKA implant migration. Tibial component
migration likely measures something different (i.e., the fixation of the implant in the bone)
than PROMs (i.e., patient perception) or clinical scores. Thus, when evaluating implant
performance, migration cannot be used interchangeably with PROMs or clinical scores.
Furthermore, at an individual patient level, PROMs will not provide the ability to detect
implant loosening at an early stage, which would be necessary for newly introduced
implants to have a guarantee of clinical benefit (i.e., pain relief, function, and bone fixation)
and patient safety.

For the primary analysis, the 3-month follow-up visit was used as the baseline, as this
was the first follow-up time at which RSA examinations and PROMs were collected at the
same follow-up time point. Although the greatest improvement in PROMs and clinical scores
relative to the preoperative period generally occurs within the first few months after TKA,
this was not of interest for the present study, as our goal was to assess whether implant
migration (as measured with RSA) and PROMs could be used interchangeably during a 10-
year, long-term follow-up period of patients who underwent TKA. No association between
MTPM and any of the PROMs or clinical scores was found in our primary analyses. Using the
2-year follow-up as the baseline, there was no association between MTPM and PROMs or
clinical scores, except for a marginally significant association between MTPM and KOOS-QoL
(p = 0.045). However, the coefficients of the change in KOOS-QoL and of the interaction term
of time with the change in KOOS-QoL, as derived from the specific LMM, were both very small
and were well outside the range of clinically relevant changes in MTPM that could predict
aseptic loosening. Also, even though the Triathlon CR uncemented porous-coated TKA
implant group showed the greatest mean migration (Figure 2), the mean KOOS-QoL at all
follow-up times was comparable or even slightly higher compared with the other TKA

implant groups (see supplementary data, Table A-1).
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The societal pressure to control health-care costs has prompted increased emphasis on
PROMs as a measure of the outcome of treatment. Although patients’ opinions are important,
associations with more objective measures of treatment outcome are complex. PROMs have
been used as an easy method to control health-care costs in value-based health-care
initiatives, where value is measured as dollars relative to quality of care (24). Value-added
care is more complex than simply the relation between money and 1 outcome measure, even
more so because the outcome measure is a subjective measure such as PROMs, which are
complex entities (1, 25). There is a lack of consensus on specific score differences for the
various PROMs that are clinically important or important to patients (26-28). Nevertheless,
defining a “successful” TKA for a patient is important, although a single validated, reliable,
and responsive questionnaire addressing the priorities of patients who underwent TKA has
been elusive (29). That elusiveness is related to the multidimensional aspects of outcomes,
which are related to the implant-bone fixation (i.e., to the more technical aspects of implant
surgery) as well as to whether the patients still have symptoms and whether the surgical
procedure met their preoperative expectations (1). Moreover, various patient factors,
including age, sex, BMI, and psychological factors, have been suggested to influence the
improvement in patient-reported outcomes (30-33). Improvement in PROMs after TKA can
be related to aspects other than the prosthesis itself, such as the patient’s social context and
other patient factors. However, the performance of the implant, such as fixation or loosening,
can be measured objectively by RSA. Furthermore, cutoff values for MTPM show implants
that are at risk for loosening (and therefore warrant close monitoring).

Clinical RSA studies only need a small number of patients to achieve adequate power,
because of the high accuracy of the technique (19). In addition to the primary outcome of
implant migration, clinical RSA studies frequently collect multiple PROMs and clinical scores
at each follow-up time as secondary outcomes. Collecting these questionnaire responses and
clinical scores is a time-consuming and expensive process. However, individual RSA studies
are not powered to detect differences in PROMs or clinical scores between TKA implant
groups, raising questions regarding the purpose of collecting these scores in the clinical RSA
trials. Also, the accuracy of RSA has been described as 0.1 to 0.2 mm, raising the question of
whether such small micromotion could translate to clinical symptoms that would indicate
an increased risk of implant failure due to aseptic loosening (34). Several RSA migration
thresholds, based on either mean migration in TKA implant groups or migration of

individual implants, have been described in the literature as being associated with increased
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risk of revision due to loosening (7) (34-36). For example, TKA implants with a mean
migration between 0.5 and 1.6 mm are considered to be at risk of having revision rates of
>5% at 10 years (7). As for individual implants, MTPM of 20.3 mm between 2 and 5 years is
often used to classify individual implants as continuously migrating and at risk for revision
due to loosening (34).

The present study has several strengths. First, by pooling individual patient data (RSA
migration data, differences in PROMs, and clinical scores) from multiple studies, the sample
size and statistical power were increased. Second, 10-year follow-up RSA migration studies
are scarce, as most studies remain limited to 2-year follow-up. Third, detection of implant
loosening on standard radiographs by clinicians differs from measurement of implant
migration as measured with RSA. Whereas loosening as identified by clinicians is subjective
and categorizes implants as either loose or stable, RSA provides highly accurate and
objective implant migration measurements on a continuous scale and can detect excessive
migration before patients experience clinical symptoms. Finally, all included studies used
the same marker-based RSA method and every examination was analyzed by the same
experienced RSA analysist, using the same software and marker-selection method,
increasing comparability between studies.

This study also had limitations. First, a limited number of TKA implant designs from a
single manufacturer were included, which may have limited the generalizability of the
results to other designs, although the concept of implant fixation in the bone is a generic
principle of all well-performing orthopaedic implants. Second, loss to follow-up was present
in all studies. This may have biased the association between tibial implant migration and
changes in PROMs if patient withdrawal was related to worsening PROMs or migration.
However, only a few patients underwent a revision surgical procedure and the main reason
for fewer RSA measurements at later follow-up points involved the quality of RSA
radiographs. Furthermore, all data from patients withdrawn from the study were still
included in the analysis until their last available follow-up, which will have minimized any
bias that might occur.

In conclusion, the lack of association between implant migration and changes in
postoperative PROMs or clinical scores suggests that implant migration measures something
different (i.e., the implant-bone fixation) than PROMs (i.e., patient function) and clinical
scores. This suggests that both are needed for a comprehensive evaluation of TKA implant

performance and they cannot be used interchangeably in the follow-up of patients who
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underwent TKA. Future studies should address whether our findings can be generalized to

other arthroplasty implant designs.
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Supplementary data

Table A-1. Clinical scores and patient reported outcome measurements. Values are mean and 95% confidence

intervals.

Duracon CR
cemented

Triathlon CR
cemented

Triathlon PS
cemented

KSS Knee Score
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

38.0 (33.5-42.6)
83.4 (77.6-89.1)
91.2 (86.6-95.7)
91.0 (87.2-94.9)
90.5 (86.0-95.0)
91.3 (85.4-97.2)
93.4 (89.1-97.7)

33.7 (31.2-36.1)
86.1 (83.6-88.5)
92.3 (90.9-93.7)
93.9 (92.6-95.2)
92.3 (90.3-94.3)
91.8 (89.7-94.0)
91.0 (88.5-93.6)

33.1 (29.5-36.8)
89.2 (84.7-93.8)
92.4 (89.0-95.9)
95.1 (92.7-97.4)
96.4 (94.4-98.3)
96.1 (94.0-98.3)
95.1 (91.7-98.5)

KSS Function Score
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

54.3 (51.9-56.7)
73.3 (68.0-87.6)
82.7 (76.8-88.5)
87.9 (82.2-93.6)
80.7 (73.0-88.4)
89.2 (81.8-96.6)
82.3 (74.2-90.3)

53.9 (51.6-56.3)
77.0 (74.5-79.6)
88.2 (85.3-91.0)
92.4 (90.0-94.8)
87.6 (84.4-90.9)
85.2 (80.7-89.8)
80.1 (75.3-85.0)

51.0 (46.5-55.5)
72.1 (65.6-78.5)
84.6 (78.6-90.6)
89.5 (83.7-95.3)
89.1 (82.1-96.1)
85.7 (78.4-93.0)
88.7 (82.3-95.1)

KOOS-Symptoms
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

53.6 (47.9-59.3)
66.0 (59.8-72.2)
77.0 (70.8-83.2)
81.4 (75.3-87.5)
83.2 (75.3-91.2)
88.2 (81.1-95.4)
86.5 (80.3-92.8)

47.3 (43.9-50.7)
66.1 (62.8-69.4)
77.7 (74.6-80.8)
84.1 (81.2-86.9)
85.1 (81.7-88.5)
84.0 (80.7-87.2)
82.2 (78.2-86.2)

54.3 (47.2-61.4)
64.9 (58.6-71.3)
76.9 (71.7-82.1)
82.6 (76.8-88.4)
87.3 (82.5-92.0)
88.4 (83.7-93.1)
85.1(76.1-91.2)

KO0OS-Pain
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

43.6 (38.5-48.7)
70.2 (62.6-77.9)
81.7 (75.1-88.3)
84.2 (76.6-91.8)
85.0 (77.3-92.7)
84.3 (76.0-92.6)
82.1(72.8-91.4)

39.7 (36.7-42.7)
71.3 (68.1-74.6)
81.3 (78.0-84.6)
87.2 (83.9-90.4)
86.1 (85.3-89.8)
85.0 (81.2-88.9)
82.4 (78.1-86.7)

43.2 (36.6-49.9)
70.5 (62.9-78.0)
80.6 (74.0-87.1)
88.4 (82.9-93.9)
90.9 (85.3-96.5)
88.0 (81.8-94.3)
88.4 (82.5-94.3)

KOOS-ADL
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

50.6 (45.0-56.2)
73.4 (56.2-81.7)
83.2 (77.0-89.5)
84.6 (77.1-92.1)
83.0 (75.1-90.9)
80.5 (71.9-89.0)
75.8 (64.5-87.2)

44.2 (41.6-46.9)
73.6 (70.5-76.7)
81.2 (77.7-84.6)
84.3 (81.1-87.4)
82.9 (79.0-86.7)
81.0 (76.9-85.2)
79.9 (75.4-84.5)

45.0 (39.6-50.3)
73.4 (66.7-80.2)
80.7 (73.9-87.5)
83.4 (77.7-89.0)
86.4 (79.7-93.0)
82.4 (74.5-90.3)
81.6 (74.0-89.2)

KOOS-SR
Preoperative
3 months

10.0 (4.8-15.2)
28.8 (20.9-36.7)

10.0 (7.1-12.9)
26.7 (23.0-30.5)

11.3 (6.1-16.5)
28.8 (19.6-37.9)
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1 year

2 years
5 years
7 years
10 years

38.4 (28.1-48.7)
47.1 (35.6-58.7)
38.4 (26.2-50.7)
35.4 (20.8-50.1)
46.1 (33.2-59.1)

39.5 (35.1-43.8)
42.9 (37.8-47.9)
41.4 (35.3-47.6)
39.8 (33.4-46.1)
41.7 (34.9-48.6)

39.6 (31.1-48.2)
44.2 (35.9-52.6)
56.1 (44.6-67.7)
41.8(31.4-52.2)
42.6 (30.5-54.6)

KOO0S-QOL
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

24.3 (19.0-29.6)
54.1 (45.6-62.5)
65.3 (57.6-73.0)
71.5 (62.4-80.5)
81.1 (73.3-88.9)
79.2 (71.2-87.2)
72.2 (60.0-84.4)

25.5 (22.9-27.5)
53.1 (49.4-56.8)
64.5 (60.7-68.3)
71.9 (67.7-76.0)
77.0 (72.0-82.1)
70.4 (65.3-75.5)
69.9 (64.3-75.6)

23.4 (18.4-28.4)
55.7 (47.3-64.0)
68.2 (59.7-77.2)
78.3 (71.0-85.6)
82.4 (75.0-89.8)
81.4 (74.3-88.4)
76.9 (68.3-85.6)

Triathlon short-

stem CR cemented

Triathlon CR
uncemented
PA-coated

Triathlon CR
uncemented
porous-coated

KSS Knee Score
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

36.3 (31.9-40.7)
86.6 (80.9-92.3)
91.6 (88.0-95.2)
95.4 (93.7-97.1)
95.0 (93.0-96.9)
95.8 (94.1-97.6)
88.0 (82.5-93.6)

34.9 (32.2-37.5)
88.3 (85.1-91.6)
93.5 (92.0-94.9)
94.1(92.1-96.1)
92.3 (89.1-95.5)
93.8 (93.3-96.4)
92.3 (87.8-96.3)

35.7 (32.2-39.1)
80.9 (73.2-88.6)
88.7 (81.2-96.2)
89.5 (82.3-96.8)
88.8 (80.9-96.7)
88.8 (80.5-97.0)
89.0 (80.0-98.0)

KSS Function Score
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

59.8 (54.1-65.6)
81.3 (76.1-86.5)
93.2 (87.3-99.2)
92.3 (85.8-98.7)
89.6 (81.8-97.4)
84.6 (76.9-92.2)
87.0 (80.4-93.6)

57.3 (53.6-61.0)
79.0 (75.1-82.8)
93.3 (90.3-96.3)
94.7 (82.0-97.4)
87.7 (82.5-92.8)
87.2 (81.7-92.7)
77.4 (69.5-85.2)

56.7 (52.5-60.8)
70.1 (64.3-75.9)
85.9 (81.3-90.4)
87.5 (81.8-93.1)
88.1 (80.0-96.3)
85.6 (77.7-93.5)
82.6 (73.2-91.9)

KOOS-Symptoms
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

47.4 (41.4-53.4)
60.6 (52.9-68.4)
75.0 (69.3-80.8)
85.4 (79.9-90.8)
88.4 (83.2-93.6)
85.8 (80.0-91.5)
83.6 (76.8-90.5)

47.2 (42.9-51.6)
65.4 (61.2-69.7)
82.6 (79.0-86.2)
87.1 (83.8-90.5)
86.8 (82.9-90.6)
81.8 (77.0-86.7)
84.6 (79.5-89.8)

46.2 (39.0-53.5)
61.3 (55.1-67.5)
79.0 (74.5-83.4)
80.8 (74.6-86.9)
91.3 (86.0-96.7)
88.4 (84.1-92.7)
90.4 (86.0-94.8)

KOOS-Pain
Preoperative
3 months
1 year
2 years
5 years
7 years
10 years

45.9 (40.6-51.2)
67.8 (60.2-75.5)
82.0 (76.0-88.0)
87.9 (83.1-92.8)
87.8 (81.9-93.8)
86.6 (80.9-92.3)
87.7 (82.3-93.2)

39.4 (35.7-43.2)
70.0 (65.8-74.1)
84.2 (80.4-88.0)
89.5 (86.1-92.8)
86.2 (81.3-91.1)
83.1 (77.2-89.4)
85.3 (78.9-91.8)

41.3 (35.0-47.6)
69.0 (62.0-76.0)
80.4 (74.5-86.2)
88.2 (82.1-94.2)
89.1 (83.2-94.9)
86.5 (80.0-93.0)
89.3 (84.8-93.9)
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KOOS-ADL

Preoperative
3 months

1 year

2 years

5 years

7 years

10 years

48.6 (43.8-53.4)
67.8 (59.9-75.6)
79.6 (72.9-86.3)
85.9 (81.5-90.4)
85.3 (79.5-91.1)
79.2 (71.9-86.5)
83.7 (76.5-90.8)

44.8 (41.1-48.4)
73.3 (69.5-77.2)
83.4 (79.7-87.1)
87.5 (83.6-91.4)
83.5 (78.9-88.2)
80.1 (72.9-87.3)
80.1 (72.8-87.3)

44.1 (37.6-50.6)
72.5 (66.6-78.4)
78.6 (73.1-84.2)
83.9 (77.9-89.9)
85.4 (76.3-94.6)
83.8 (75.3-92.2)
84.4 (77.8-91.0)

KOOS-SR

Preoperative
3 months

1 year

2 years

5 years

7 years

10 years

8.7 (4.2-13.3)
27.7 (19.1-36.3)
35.2 (24.6-45.7)
39.2 (29.2-49.2)
34.5 (21.3-47.6)
39.9 (27.4-52.3)
47.2 (34.9-59.4)

7.2 (4.7-9.8)
23.8 (18.8-28.7)
39.5 (33.7-45.3)
41.6 (34.9-48.3)
34.0 (26.3-41.6)
40.1 (31.7-48.4)
46.2 (36.5-56.0)

12.5 (7.7-17.4)
24.7 (17.1-32.4)
31.1 (19.9-42.3)
43.2 (31.5-54.8)
47.1 (33.9-60.3)
45.2 (31.9-58.6)
49.6 (35.7-63.4)

KO0O0S-QOL

Preoperative
3 months

1 year

2 years

5 years

7 years

10 years

28.2 (23.4-33.0)
50.7 (41.9-59.5)
69.7 (60.6-77.6)
73.3 (64.5-82.1)
76.4 (66.9-85.9)
73.5 (62.9-84.1)
72.2 (61.5-82.8)

27.2 (24.1-30.2)
51.6 (46.9-56.3)
63.3 (59.0-67.5)
66.7 (61.8-71.6)
77.2 (71.6-82.8)
60.8 (53.1-68.4)
67.1 (59.2-75.0)

23.2 (18.0-28.4)
54.5 (46.6-62.5)
65.1 (55.5-74.7)
68.5 (59.9-77.0)
84.7 (74.3-95.1)
85.5 (78.1-92.8)
81.0 (74.0-88.1)
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Figure A-1. CONSORT flow diagrams of all 5 individual studies.

Study 1

Randomized (n = 60)

Allocated to Triathlon CR cemented (n = 30)

e Received allocated treatment (n = 30) .

Allocated to Duracon CR cemented (n = 30)

Received allocated treatment (n = 29)
Perioperative conversion to PS prosthesis

(n=1)

A 4 h 4
Baseline (n=29) Baseline (n=29)
e Excluded because of disease (n = 1) 3 months (n=29)
3 months (n=29) 1 year (n=28)
1 year (n=29) . Withdrawal (n = 1)
2 years (n=27) 2 years (n=28)
. Withdrawal (n = 1) 5 years (n=25)
e  Emigrated abroad (n =1) . Withdrawal (n = 1)
5 years (n=24) . Died (n =3)
. Withdrawal (n = 2) 7 years (n=20)
e Died(n=1) . Withdrawal (n = 2)
7 years (n=20) e Died(n=3)
. Withdrawal (n = 4) 10 years (n=19)
10 years (n=15) . Withdrawal (n = 1)
e  Withdrawal (n=2) e Revision because of loosening tibial and
. Died (n=3) femoral component (n=1)
RSA analysis
A

Baseline (n=29) Baseline (n=28)
3 months (n=28) . No RSA radiograph (n=1)
e Bad quality RSA radiograph (n=1) 3 months (n=26)
1 year (n=28) e No RSAradiograph (n=2)
e Bad quality RSA radiograph (n = 1) e Bad quality RSA radiograph (n = 1)
2 years (n=25) 1 year (n=25)
e No RSAradiograph (n=1) e No RSAradiograph (n=2)
e Bad quality RSA radiograph (n = 1) e Bad quality RSA radiograph (n = 1)
5 years (n=21) 2 years (n=25)
e No RSAradiograph (n =2) e No RSAradiograph (n=2)
e Bad quality RSA radiograph (n = 1) e Bad quality RSA radiograph (n = 1)
7 years (n=16) 5 years (n=22)
e No RSAradiograph (n =4) e No RSAradiograph (n =2)
10 years (n=14) e Bad quality RSA radiograph (n = 1)
e No RSAradiograph (n=1) 7 years (n=16)

. No RSA radiograph (n = 4)

10 years (n=15)

No RSA radiograph (n = 3)
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Study 2

Randomized (n = 60)

Allocated to Triathlon CR cemented (n = 30) Allocated to Triathlon PS cemented (n = 30)
e Received allocated treatment (n = 28) . Received allocated treatment (n = 29)
. Perioperative conversion to a stabilized . Perioperative conversion to stabilized

prosthesis (n =1) prosthesis (n = 1)
. Large bone cyst in tibial condyle during

surgery, requiring bone transplantation

(n=1)

Follow-Up
A A
Baseline (n=26) Baseline (n=29)
. Withdrawal (n = 2) 3 months (n=29)
3 months (n=26) 1 year (n=28)
1 year (n=26) . Withdrawal (n = 1)
2 years (n=23) 2 years (n=27)
. Withdrawal (n = 2) . Withdrawal (n = 1)
5 years (n=22) 5 years (n=24)
. Died (n=1) . Withdrawal (n = 1)
7 years (n=18) . Died (n=2)
. Withdrawal (n = 2) 7 years (n=20)
e Died(n=2) . Withdrawal (n = 3)
10 years (n=16) . Died (n=1)
. Withdrawal (n = 2) 10 years (n=19)
. Withdrawal (n = 3)
RSA analysis
A 4 A4

Baseline (n=25) Baseline (n=29)
e No RSAradiograph (n=1) 3 months (n=28)
3 months (n=24) . Bad quality RSA radiograph (n =1)
e No RSAradiograph (n=1) 1 year (n=26)
e Bad quality RSA radiograph (n=1) . Bad quality RSA radiograph (n = 1)
1 year (n=23) 2 years (n=25)
e No RSAradiograph (n=1) . Bad quality RSA radiograph (n = 2)
e Bad quality RSA radiograph (n = 1) 5 years (n=23)
2 years (n=21) . Bad quality RSA radiograph (n =1)
e No RSAradiograph (n=1) 7 years (n=19)
e Bad quality RSA radiograph (n = 1) e Bad quality RSA radiograph (n=1)
5 years (n = 18) 10 years (n = 16)
e No RSAradiograph (n = 3) e NoRSAradiograph (n=1)
e Bad quality RSA radiograph (n = 1) . Bad quality RSA radiograph (n = 2)
7 years (n=14)
e No RSAradiograph (n=1)
. Bad quality RSA radiograph (n = 3)
10 years (n=15)
. Bad quality RSA radiograph (n=1)
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Study 3

Randomized (n = 60)

A

Allocated to Triathlon CR uncemented

porous-coated (n = 30)

. Received allocated treatment (n = 29)

. Received cemented TKA due to an
intraoperative fracture (n = 1)

Allocated to Triathlon CR uncemented PA-

coated (n =30)

e Received allocated treatment (n = 29)

e Excluded day of surgery due to cerebral
infarct (n=1)

. No RSA radiograph (n = 4)

e Bad quality RSA radiograph (n = 4)
7 years (n=19)

e Bad quality RSA radiograph (n = 2)
10 years (n=16)

. Bad quality RSA radiograph (n =1)

Follow-Up
A4 A 4

Baseline (n=29) Baseline (n=27)
3 months (n=28) e No postoperative RSA (n = 2)
e Revision because of early infection 3 months (n=27)

(n=1) 1 year (n=26)
1 year (n=27) . Withdrawal (n = 1)
. Revision because of late infection (n = 1) 2 years (n=25)
2 years (n=26) e Died(n=1)
. Died (n=1) 5 years (n=20)
5 years (n=23) . Withdrawal (n = 5)
. Withdrawal (n = 1) 7 years (n=16)
. Died (n=2) . Withdrawal (n = 2)
7 years (n=21) e Died(n=2)
e  Withdrawal (n=2) 10 years (n=16)
10 years (n=17)
. Withdrawal (n = 2)
. Died (n=1)
. Revision because of loosening tibial

component (n=1)

RSA analysis
A A 4

Baseline (n=29) Baseline (n=27)
3 months (n=28) 3 months (n=27)
1 year (n=24) 1 year (n=23)
. Bad quality RSA radiograph (n = 3) e  No RSAradiograph (n=1)
2 years (n=25) e Bad quality RSA radiograph (n = 2)
. Bad quality RSA radiograph (n =1) 2 years (n=22)
5 years (n=15) e No RSAradiograph (n =2)

e Bad quality RSA radiograph (n = 1)
5 years (n=13)

. No RSA radiograph (n = 2)

e Bad quality RSA radiograph (n = 5)
7 years (n=14)

. Bad quality RSA radiograph (n = 2)
10 years (n=13)

e Bad quality RSA radiograph (n = 3)
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Study 4

Randomized (n = 60)

Allocated to Triathlon CR cemented (n = 30) Allocated to Triathlon short-stem CR
e Received allocated treatment (n = 30) cemented (n = 29)
. Received allocated treatment (n = 29)
. Misplaced envelope, patient not included
(n=1)
Follow-Up
\ 4
Baseline (n=30) Baseline (n=29)
3 months (n=30) 3 months (n=29)
1 year (n=30) 1 year (n=29)
2 years (n=29) 2 years (n=27)
. Withdrawal (n = 1) . Withdrawal (n = 1)
5 years (n=26) . Died (n=1)
. Withdrawal (n = 2) 5 years (n=26)
e Died(n=1) . Withdrawal (n = 1)
7 years (n=26) 7 years (n=22)
10 years (n=23) e  Withdrawal (n=3)
. Withdrawal (n = 1) . Died (n=1)
e Died(n=2) 10 years (n=19)
. Withdrawal (n = 3)
l RSA analysis
\ 4
Baseline (n=30) Baseline (n=29)
3 months (n=28) 3 months (n=28)
e Bad quality RSA radiograph (n =2) . No RSA radiograph (n=1)
1 year (n=29) 1 year (n=25)
e Bad quality RSA radiograph (n = 1) e No RSAradiograph (n=2)
2 years (n=27) e Bad quality RSA radiograph (n = 2)
e Bad quality RSA radiograph (n =2) 2 years (n=26)
5 years (n=22) e No RSAradiograph (n=1)
e No RSAradiograph (n=2) 5 years (n=22)
e Bad quality RSA radiograph (n =2) . No RSA radiograph (n = 3)
7 years (n=23) e Bad quality RSA radiograph (n = 1)
e Bad quality RSA radiograph (n = 3) 7 years (n=18)
10 years (n=20) e No RSAradiograph (n =2)
e Bad quality RSA radiograph (n = 3) e Bad quality RSA radiograph (n = 2)
10 years (n=17)
e Bad quality RSA radiograph (n = 2)
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Study 5

Randomized (n = 60)

. Bad quality RSA radiograph (n = 3)
5 years (n=24)

. No RSA radiograph (n=1)

. Bad quality RSA radiograph (n = 2)
7 years (n=22)

. Bad quality RSA radiograph (n = 2)
10 years (n=20)

A
Allocated to Triathlon CR cemented (n = 30) Allocated to Triathlon CR uncemented PA-
e Received allocated treatment (n = 30) coated (n = 30)
e Received allocated treatment (n = 29)
Follow-Up
A

Baseline (n=28) Baseline (n=30)
. Postoperative RSA too few markers 3 months (n=30)

(n=2) 1year (n=29)
3 months (n=28) . Withdrawal (n = 1)
1 year (n=28) 2 years (n=27)
2 years (n=27) . Withdrawal (n = 2)
. Withdrawal (n = 1) 5 years (n=26)
5 years (n=27) . Withdrawal (n = 1)
7 years (n=24) 7 years (n=22)
. Withdrawal (n = 1) . Withdrawal (n = 1)
. Revision because of instability (n = 1) e Died(n=2)
e Revision because of insert wear (n = 1) e Revision because of insert wear (n = 1)
10 years (n=20) 10 years (n=19)
. Withdrawal (n = 4) . Withdrawal (n = 3)

RSA analysis
\ 4 \ 4

Baseline (n=28) Baseline (n=30)
3 months (n=26) 3 months (n=28)
e Bad quality RSA radiograph (n = 2) e No RSAradiograph (n=1)
1 year (n=25) e Bad quality RSA radiograph (n = 1)
. Bad quality RSA radiograph (n = 3) 1 year (n=26)
2 years (n=22) e Bad quality RSA radiograph (n = 3)
e No RSAradiograph (n=2) 2 years (n=22)

e No RSAradiograph (n=3)
e Bad quality RSA radiograph (n = 2)

5 years (n=25)

e Bad quality RSA radiograph (n = 1)
7 years (n=21)

. No RSA radiograph (n = 1)

10 years (n=17)

. No RSA radiograph (n = 2)
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Figure A-2. Maximum total point motion during 10 year follow-up (mean and 95% confidence interval
presented in the original scale in mm, derived from the linear mixed model analysis) of the Triathlon cruciate
retaining (CR) cemented and Triathlon CR uncemented peri-apatite (PA) coated implant. The individual lines

represent results from different individual trials.
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Abstract

Aims

The objective of this study was to compare the two-year migration and clinical outcomes of
a new cementless hydroxyapatite (HA)-coated titanium acetabular shell with its previous
version, which shared the same geometrical design but a different manufacturing process

for applying the titanium surface.

Methods

Overall, 87 patients undergoing total hip arthroplasty (THA) were randomized to either a
Trident Il HA or Trident HA shell, each cementless with clusterholes and HA-coating. All
components were used in combination with a cemented Exeter V40 femoral stem. Implant
migration was measured using radiostereometric analysis (RSA), with radiographs taken
within two days of surgery (baseline), and at three, 12, and 24 months postoperative-
ly. Proximal acetabular component migration was the primary outcome measure. Clinical

scores and patient-reported outcome measures (PROMs) were collected at each follow-up.

Results

Mean proximal migrations at three, 12, and 24 months were 0.08 mm (95% confidence
interval (CI) 0.03 to 0.14), 0.11 mm (95% CI 0.06 to 0.16), and 0.14 mm (95% CI 0.09 to
0.20), respectively, in the Trident II HA group, versus 0.11 mm (95% CI 0.06 to 0.16), 0.12
mm (95% CI 0.07 to 0.17), and 0.14 mm (95% CI 0.09 to 0.19) in the Trident HA group (p =
0.875). No significant differences in translations or rotations between the two designs were
found in any other direction. Clinical scores and PROMs were comparable between groups,
except for an initially greater postoperative improvement in Hip disability and Osteoarthritis

Outcome Symptoms score in the Trident HA group (p = 0.033).

Conclusion
The Trident II clusterhole HA shell has comparable migration with its predecessor, the
Trident hemispherical HA cluster shell, suggesting a similar risk of long-term aseptic

loosening.
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Introduction

Aseptic loosening of the acetabular component remains one of the most common causes for
revision surgery following total hip arthroplasty (THA), according to registry data (20% to
35%) (1, 2). This finding demonstrates a need for better fixation of existing acetabular
components. For cementless components this would relate to creating better biological
fixation (bone ongrowth) to the implant surface, thus safeguarding long-term fixation.

The Trident acetabular component (Stryker, USA) is a well-proven design with a reported
ten-year revision rate of 2.39% (95% confidence interval (CI) 2.26 to 2.53) in combination
with the cemented Exeter V40 stem in the National Joint Registry for England, Wales,
Northern Ireland, Isle of Man and States of Guernsey (NJR), and 3.9% (95% CI 3.7 to 4.1) in
the Australian Orthopaedic Association National Joint Replacement Registry (3, 4). The
Trident I acetabular system (Stryker, USA) was recently introduced for implantation, as the
manufacturing technique was changed to optimize the production process to meet current
production demands. The Trident II system includes different subtypes: the 3D-printed
Trident II Tritanium (solidback, multihole, and clusterhole) shells, and the Trident II
clusterhole hydroxyapatite (HA) (hemispherical and peripheral self-locking (PSL)) shells.
The Trident II HA shells differ from previous Trident HA shells in having a plasma-sprayed
rather than an arc-deposited commercially pure titanium (CPTi) surface; both are covered
by PureFix HA coating (5, 6). Even though such changes in the manufacturing process may
seem minimal, previously small changes in the manufacturing process and implant surfaces
have been associated with unacceptable long-term failure rates (7-11). Therefore, safe,
phased, evidence-based introduction of new implants is important, even when only ‘minor’
changes to an implant or its production process have occurred (12). Careful early evaluation,
including migration analysis studies, helps to safeguard against the widespread use of new
components that perform less well than an earlier version.

Radiostereometric analysis (RSA) is a highly accurate technique for analyzing implant
migration (13, 14). Acetabular component migration, specifically proximal translation, as
early as one to two years postoperatively is a good prognostic variable for the detection of
implants at risk for future aseptic loosening (14, 15). Therefore, RSA is a suitable technique
to provide analysis of acetabular components in THA, and monitor new implants to estimate

their long-term risk of revision (16).
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The aim of the present study was to compare the two-year migration of the new Trident
II clusterhole HA shell compared with its predecessor, the Trident hemispherical HA cluster
shell, in THA patients. The hypothesis was that the new shell shows comparable migration
with its predecessor, as both have exactly the same geometrical design, differing only in the
application technique of the titanium surface. The secondary objective was to compare the

clinical outcomes and patient-reported outcome measures (PROMs) between groups.

Methods

The present study was conducted in Hassleholm Hospital (Sweden). Between February 2019
and May 2021, THA patients were randomized to a Trident II clusterhole HA cup or Trident
hemispherical HA cluster shell. Male and non-pregnant female patients aged between 40 and
75 years who underwent primary THA and gave informed consent were eligible for
inclusion. Exclusion criteria were BMI = 35 kg/m2 , rheumatoid arthritis, contralateral THA
within the preceding six months, and neuromuscular/neurosensory deficiency. Another
exclusion criterion was the need for screw fixation to achieve acceptable initial fixation of
the component. Randomization was done using a blocked randomization scheme in a 1:1
ratio. A sealed-envelope technique was used to ensure concealment of treatment allocation,
and patients remained blinded to treatment allocation throughout the entire follow-up.

Both acetabular components were hemispherical clusterhole cementless HA-coated and
identical in geometrical shape. The surface of the Trident II shell is plasma sprayed CPTij,
whereas the Trident shell has an arc-deposited CPTi surface, but both are coated by PureFix
HA. The innerchange locking mechanism remained the same for both designs and permitting
use of the same liner types. Patients in both groups received the same Trident X3
polyethylene (PE) insert and cemented Exeter V40 femoral stem (Stryker). All operations
were performed by four experienced hip surgeons (PL, MA, ML, TH (see
Acknowledgements)) using the posterior approach, with a comparable number of
procedures performed by each surgeon in both groups. Acetabular preparation comprised
under-reaming by 1 mm. All implantations were performed without the use of navigation or
robotic assistance.

At operation, nine spherical tantalum markers (g 0.8 mm; RSA Biomedical, Sweden) per
patient were inserted into the acetabular bone to facilitate RSA measurements. RSA

radiographs were taken with the patient in supine position over a uniplanar calibration cage
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(Cage 41; RSA Biomedical, Sweden). The baseline radiograph, serving as reference for the
migration calculations, was taken within two days of surgery (after full weightbearing) and
subsequent radiographs were taken after three, 12, and 24 months postoperatively. Double
examinations to determine the clinical RSA precision were acquired at one year follow-up
7).

RSA radiographs were analyzed using model-based RSA (RSAcore; LUMC, Netherlands)
with computer-aided design (CAD) models, following the RSA guidelines (Figure 1) (13). A
mean error of rigid body fitting below 0.35 mm and a condition number below 120 were set
as cut-off points for the pelvic markers. The same set of consistent markers in the pelvis was
used in subsequent RSA examinations for each patient. If pelvic bone markers were occluded
by the metal implant, a marker configuration model was used where possible to meet the
criteria for RSA (18). Acetabular component migration was expressed as translations along
and rotations about the transverse axis (x-axis), longitudinal axis (y-axis), and sagittal axis
(z-axis) relative to the pelvis. Rotations about the three axes were calculated using the
rotations of the y-axis of the CAD model itself, ignoring the rotations of the component about
its rotation symmetry axis (19). RSA measurements of left-sided THAs were transformed to
match right-sided implants.

The primary outcome measure was the mean proximal (longitudinal) migration at two-
year follow-up, as early proximal migration is associated with late revision due to aseptic
loosening (14, 15). Secondary outcome measures included the translations along and
rotations about the other axes, as well as clinical scores (Harris Hip Score (HSS)) and PROMs
at disease and general health level (Hip disability and Osteoarthritis Outcome Score (HOOS),
Forgotten Joint Score (FJS), and EuroQol Group five-dimension three-level health-related

quality of life instrument (EQ-5D-3L) index) (20-23).

Statistical analysis

To detect a clinically relevant difference in proximal acetabular component migration
between groups of 0.2 mm, with an a of 0.05 and power of 90%, 22 patients per group were
needed (15, 24). The sample size calculation is based on normally distributed proximal
migration within each group with standard deviation (SD) of 0.2 mm. Patients with
inappropriate marking of the acetabular bone or poor-quality baseline RSA radiographs
could not be analyzed and were excluded. Taking the latter into account, and to compensate

for loss to follow-up, our aim was to include at least 40 patients in each group.
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Migration results were compared between groups using a linear mixed-effects model
(LMM), which deals effectively with missing values and takes within-subject correlation into
account. The model consisted of a group variable (i.e. Trident II HA or Trident HA), a time
(follow-up visit) variable, and an interaction term between group and time. A random-
intercept term was used and the remaining variability was modelled with a heterogeneous
autoregressive order-1 covariance structure. As the clinical scores were not normally
distributed, a comparable generalized estimating equation (GEE) approach was used to
compare these scores between groups during the follow-up period. A p-value < 0.05 was
considered statistically significant. Means were reported with SD or 95% Cls. Analyses were
performed using SPSS v. 25 (IBM, USA) and R software v. 4.2.1 (R foundation for Statistical

Computing, Austria).

Figure 1. Model-based radiostereometric analysis used for the migration analysis of the acetabular
component relative to the pelvis. The computer-aided design model of the component is in green and the

pelvic markers in red.

The study was approved by the local ethics committee (entry no. 2018/235), registered at
ClinicalTrials.gov (NCT03724058), and conducted according to the CONSORT statement
(25). The present investigator-initiated study was funded by Stryker, which had no role in

the collection, evaluation, or interpretation of the study results.
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Results

A total of 87 patients were randomized for this study: 44 to the Trident II HA and 43 to the
Trident HA group. No patients were excluded because of the need for screw fixation. One
patient randomized to the Trident Il HA group received a Trident acetabular component by
mistake and was excluded, as no RSA radiographs were taken. Another patient randomized
to the Trident HA group received a solidback instead of a clusterhole component during
surgery. In two other patients from the Trident II HA group, no markers were inserted into
the pelvis. Finally, five patients (two Trident HA, three Trident Il HA) were excluded because
no markers were visible in the postoperative radiographs. This left 38 patients in the Trident
II HA and 40 patients in the Trident HA group (Figure 2). Baseline characteristics of both
groups are shown in Table 1. After two years, 35 patients in the Trident II HA group and 40

patients in the Trident HA group were still enrolled in the study.

Table 1. Baseline characteristics.

Characteristics Trident HA Trident Il HA
Patients, n 40 38
Mean age, yrs (SD) 70 (3.9) 70 (5.0)
Male sex, n (%) 14 (35) 20 (53)
Mean BMI, kg/m? (SD) 27 (3.6) 27 (3.0)
Ahlbick grade, n (%)

I 5(13) 7(18)
11 18 (45) 22 (58)
11 12 (30) 9 (24)
v 5(13) 0(0)
Charnley classification, n (%)

A 24 (60) 18 (47)
B 16 (40) 20 (53)
ASA grade, n (%)

I 5(13) 6 (16)
11 31(78) 30 (79)
11 4(10) 2(5)

ASA = American Society of Anaesthesiologists. HA = Hydroxyapatite. SD = Standard deviation.
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[ Enrollment ]

Assessed for eligibility (n = 343)

Excluded (n = 256)
. Not meeting inclusion criteria

) 4

(n=200)
. Declined to participate (n = 19)
. Other reasons (n = 37)

Randomized (n = 87)

A\ 4

Allocation

\ 4

Allocated to Trident HA component (n = 43)

(n=1)

e Received allocated intervention (n = 42)

e Received different acetabular component

Allocated to Trident II HA component (n =

44)

e Received different acetabular component
(n=1)

e Received allocated intervention (n = 43)

. Bad quality RSA radiograph (n=1)

e  Missed follow-up because of COVID-19
(n=2)

1 year (n=38)

. Missed follow-up because of COVID-19
(n=2)

2 years (n=40)

Follow-Up
\ 4 A 4
Baseline (n=40) Baseline (n=38)
e Bad quality postop RSA radiograph . No markers placed during surgery
(n=2) (n=2)
3 months (n=40) . Bad quality postop RSA radiograph
1 year (n=40) (n=3)
2 years (n=40) 3 months (n=38)
1 year (n=38)
2 years (n=35)
. Died (n=2)
. Withdrawal (n =1)
A 4 \4
Baseline (n=40) Baseline (n=38)
3 months (n=37) 3 months (n=36)

. Bad quality RSA radiograph (n =1)

. Missed follow-up because of COVID-19
(n=1)

1 year (n=37)

. Missed follow-up because of COVID-19
(n=1)

2 years (n=32)

. Bad quality RSA radiograph (n = 3)

Figure 2. CONSORT flowchart. HA = Hydroxyapatite. RSA = Radiostereometric analysis.
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RSA migration results

The clinical precision of the RSA migration measurements of both groups was comparable
(Table 2). During the two-year follow-up, there was no significant difference in the proximal
migration of the acetabular components along the y-axis (p = 0.875, LMM). Mean proximal
migrations of the Trident II HA at three, 12, and 24 months were 0.08 mm (95% CI 0.03 to
0.14), 0.11 mm (95% CI 0.06 to 0.16), and 0.14 mm (95% CI 0.09 to 0.20), respectively. In
the Trident HA group for the same intervals, these mean proximal migrations were 0.11 mm
(95% CI 0.06 to 0.16), 0.12 mm (95% CI 0.07 to 0.17), and 0.14 mm (95% CI 0.09 to 0.19).
Mean RSA migration data are presented in Figure 3. Mean translations along the transverse
axis (x-axis) (p = 0.084) and sagittal axis (z-axis) (p = 0.713) were comparable between
groups. No statistical differences were found in mean rotations: transverse axis (x-axis) (p =

0.679), longitudinal axis (y-axis) (p = 0.943), and sagittal axis (z-axis) (p = 0.375).

Table 2. Precision of the radiostereometric set-up presented as mean of the migration between the first and

second examination of the double examinations.

Mean translation, mm (SD) Mean rotation, ° (SD)
Component Tx Ty Tz Rx Ry Rz
Trident HA
0.00 (0.07 0.00 (0.06 -0.02 (0.13 -0.02 (0.32 -0.02 (0.26 0.05 (0.33
(36 doubles) 0.07) (0.06) (0.13) (032) (0.26) (0.33)

Trident II HA

(33 doubles) 0.01(0.05)  0.01(0.05) 0.00(0.20) 0.01(0.32) 0.02(0.25) 0.02 (0.22)

HA = Hydroxyapatite. Rx, Ry, Rz = Rotations. SD = Standard deviation. Tx, Ty, Tz = Translations.

Clinical results

No significant differences in postoperative improvement in mean results for HSS, HOOS Pain,
HOOS Activities of Daily Living, HOOS Sport and Recreation, HOOS Quality of Life, FJS, and
EQ-5D-3L were found between the groups during the entire follow-up (Table 3). Only the
improvement in mean HOOS Symptoms was statistically different (p = 0.033, GEE), which
was caused by a greater mean HOOS Symptoms in the Trident HA group at three months
compared with the Trident II HA group. However, at two years postoperatively, the mean
HOOS Symptoms of the Trident HA was comparable to the Trident II HA group, 91.5 (95%
CI 88.1 to 94.9) versus 91.7 (95% CI 88.4 to 95.0), respectively (Table 3).
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Table 3. Clinical scores and patient-reported outcome measures of the two groups. Values are presented as

means with 95% confidence intervals.

Trident Trident II p-value*
HSS 0.698
- Preoperative 55.6 (52.0 to 59.2) 56.8 (53.3t0 60.4)
- 3 months 89.2 (87.4t0 90.9) 89.1 (86.3 t0 91.8)
- 1 year 91.5 (88.8t0 94.1) 93.2 (91.7 t0 94.6)
- 2 years 91.4 (88.6 t0 94.2) 93.5(91.3 t0 95.7)
HOOS Symptoms 0.033
- Preoperative 49.6 (46.3 to 53.0) 48.9 (44.2t0 53.2)
- 3 months 87.0 (83.5t0 90.4) 81.0 (76.6 to 85.4)
- 1 year 89.7 (86.0 t0 93.4) 91.3 (87.4 t0 95.3)
- 2 years 91.5 (88.1t0 94.9) 91.7 (88.4 t0 95.0)
HOOS Pain 0.879
- Preoperative 36.2 (31.6 t0 40.9) 359 (31.4t040.4)
- 3 months 87.8 (82.9 t0 92.6) 84.9 (80.1 to 89.8)
- 1 year 90.8 (86.2t095.4) 88.5 (82.5 t0 94.5)
- 2 years 90.8 (86.7 to 94.9) 90.6 (86.2 to 94.9)
HOOS ADL 0.856
- Preoperative 42.8 (38.0to 47.5) 44.4 (39.6 t0 49.2)
- 3 months 81.6 (77.4t085.9) 80.5 (76.2 to 84.8)
- 1 year 87.1 (82.5t091.8) 88.0 (83.0 t0 92.9)
- 2 years 89.1 (85.6t092.6) 90.3 (86.3 t0 94.3)
HOOS SR 0.750
- Preoperative 19.0 (15.4 to 22.7) 21.4 (15.8t0 26.9)
- 3 months 61.6 (53.9t0 69.2) 68.1 (60.3 to 75.9)
- 1 year 74.3 (67.1to 81.5) 79.9 (71.5 to 88.3)
- 2 years 74.9 (67.7 to 82.0) 80.1 (73.1t0 87.1)
HOOS QOL 0.436
- Preoperative 26.5(22.0t0 30.9) 22.2 (17.5t0 26.9)
- 3 months 72.2 (66.7 to 77.7) 74.0 (68.2 to 79.8)
- 1 year 82.9 (77.5 to 87.6) 80.6 (74.2 to 87.0)
- 2 years 83.2 (78.7 to 87.6) 84.2 (79.4 to 89.0)
FJS 0.764
- 3 months 62.0 (55.1to 68.8) 58.6 (51.4 to 65.8)
- 1 year 72.8 (65.5 to 80.2) 74.3 (66.6 to 82.1)
- 2 years 72.8 (66.2 to 79.4) 73.2 (65.6 to 80.9)
EQ-5D-3L 0.432
- Preoperative 0.72 (0.68 to 0.75) 0.75 (0.72 to 0.78)
- 3 months 0.92 (0.90 to 0.95) 0.91 (0.89 to 0.94)
- 1 year 0.93 (0.91 to 0.96) 0.94 (0.92 to 0.96)
- 2 years 0.93 (0.91 to 0.95) 0.94 (0.92 to 0.96)

*The p-values stated in this table indicate the between-group mean differences in improvement between
baseline and two-year follow-up, including all measurements during follow-up, derived with a generalized
estimating equation approach. ADL = Activities of daily living. EQ-5D-3L = EuroQol Group five dimension,
three-level questionnaire. FJS = Forgotten Joint Score. HA = Hydroxyapatite. HOOS = Hip disability and
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Osteoarthritis Outcome Score. HSS = Harris Hip Score. PROM = Patient-reported outcome measure. QoL =

Quality of life. SR = Sports and recreation.

Adverse events

There were no revisions of either the acetabular component or stem in any patient at the
two-year follow-up. One patient in the Trident II HA group had a deep infection
(periprosthetic joint infection) three weeks after surgery. Treatment was debridement,
antibiotics, and implant retention (DAIR) (including an exchange of the femoral head and
polyethylene liner and 12 weeks of antibiotics). As the acetabular shell and stem were left in

place, this patient was not excluded.

Discussion

The cementless Trident II clusterhole HA shell showed a comparable early migration pattern
to its predecessor, the Trident hemispherical HA cluster shell. Moreover, mean proximal
migration of both designs was below 0.2 mm at two years, which is the threshold predictive
value for an increased risk of revision due to aseptic loosening (15). This would suggest that
for both components revision rates are expected to be less than 5% at ten years (15). Besides
proximal migration, acetabular components showing a mean increase in acetabular
inclination of > 2.53° at two years are described to fail due to loosening (14). The present
study found no difference in mean sagittal rotation between the two implants with -0.13°
(95% CI-0.31 to 0.06) and -0.23 (95% CI -0.40 to -0.06) in the Trident Il HA and Trident HA
group at two years, respectively, also indicating a comparable low risk for future loosening.

Registries typically report the survival of acetabular shells within the same implant
brand portfolio, rather than naming specific subtypes (1-3, 26). It is therefore unclear from
registry data whether the Trident hemispherical HA cluster shells perform as well as other
shells from the Trident acetabular system, e.g. the Trident hemispherical solidback or the
Trident PSL HA cluster shell. Multiple variants within the Trident II acetabular system also
exist. Therefore, one should be aware of the potential camouflage effect if a specific variant
deviates in performance from other versions of the same brand (27). A recent case series by
Ulrich et al. (28) also illustrates the importance of being specific about the subtypes, as they

incorrectly assumed that all Trident Il shells are produced with 3D printing. Only the Trident
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II Tritanium shells are 3D-printed, whereas the Trident II HA shells are produced through a

different manufacturing process (forging and machine finishing).
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Figure 3. Translations (mm) and rotations (°) of the acetabular components during the two-year follow-up

period. Mean values of both study groups are presented with 95% confidence intervals (error bars). HA =

Hydroxyapatite.
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This RSA study is the first to assess the migration of the Trident II clusterhole HA-coated
acetabular component, which is an important part of the phased, evidence-based
introduction of new implants (12, 29-31). Other RSA studies have reported early migration
of cementless HA-coated acetabular components. A study of a cementless titanium plasma-
sprayed acetabular component with HA coating (EP-FIT PLUS; Smith & Nephew
Orthopaedics, Switzerland), in combination with a cementless femoral stem, showed a mean
proximal migration at two years of 0.10 mm (32). Jgrgensen et al. (33) assessed the
migration of a cementless hemispherical acetabular component with plasma-sprayed
titanium and HA coating (Exceed ABT RingLoc-x; Zimmer Biomet, USA) in combination with
a cementless femoral stem and reported a mean proximal migration of 0.20 mm (95% CI
0.10 to 0.30) at two years, which is slightly higher compared with the migration of the
implants in our study.

A strength of the present study is its randomized design. This trial compares a
cementless HA-coated shell with its geometrically identical predecessor, but which has a
different manufacturing process for applying the CPTi coating. This enabled assessment of
the effect of differences in applying the titanium layer in cementless shells on the migration
of shells relative to the bone, and thereby whether the changes made in the manufacturing
process had any impact. RSA was used to measure the component migration, which has been
shown to be a highly accurate technique and is recommended in the phased evidence-based
introduction of new implants (13, 31).

Limitations are present: first, only the clusterhole HA shell version of the Trident II
acetabular system was evaluated in this study. Therefore, we caution against extrapolation
of the migration results to other shells of the Trident Il acetabular system, as small changes
may affect implant stabilization. Our results show an expected low risk of long-term revision
from aseptic loosening, but cannot be directly translated to all other subdesigns of the
Trident I acetabular shells. Second, we excluded patients if screw fixation of the acetabular
component was needed to create acceptable initial fixation. Although no patients were
excluded because of this, it limits the generalizability of this study’s findings to Trident II
clusterhole HA cups when used without screws. A small case series recently reported failure
of screw-shell interface of the Trident II clusterhole HA shell in two patients (28). Finally,
our study only assessed the migration of the Trident HA and Trident II HA shells in

combination with the cemented Exeter V40 stem, which is a well-proven femoral stem (34).
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Both shells may show different early migration patterns, and subsequent different long-term
risk of loosening, when used in combination with a different femoral stem (35).

In conclusion, the Trident II clusterhole HA shell showed comparable early migration
results with its predecessor, the Trident hemispherical HA cluster shell, when used in
combination with the cemented Exeter V40 femoral stem. These findings suggest a

comparable low risk of future long-term mechanical loosening.

Take home message

- The Trident Il clusterhole hydroxyapatite (HA) shell, produced using a different
manufacturing process, had early migration comparable to its predecessor during the first
two postoperative years.

- The mean proximal migration of the Trident II clusterhole HA shell, when used in
combination with the cemented Exeter V40 stem, at two years was lower than 0.2 mm. This

indicates an expected revision risk at ten years below 5%.
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Abstract

Background

Three-dimensional (3D) printing of highly porous orthopaedic implants aims to promote
better osseointegration, thus preventing aseptic loosening. However, short-term radio-
stereometric analysis (RSA) after total knee arthroplasty (TKA) has shown higher initial
migration of cementless 3D-printed tibial components compared with their cemented coun-
terparts. Therefore, critical evaluation of longer-term tibial component migration is needed.
We investigated migration of a cementless 3D-printed and a cemented tibial component
with otherwise similar TKA design during 5 years of follow-up, particularly the progression

in migration beyond 2 years postoperatively.

Methods

Seventy-two patients were randomized to a cementless 3D-printed Triathlon Tritanium
(Stryker) cruciate-retaining (CR) TKA or a cemented Triathlon CR (Stryker) TKA implant.
Implant migration was evaluated with RSA at baseline and postoperatively at 3 months and
at 1, 2, and 5 years. The maximum total point motion (MTPM) of the tibial component was
compared between the groups at 5 years, and progression in migration was assessed be-
tween 2 and 5 years. Individual implants were classified as continuously migrating if the
MTPM was 20.1 mm/year beyond 2 years postoperatively. Clinical scores were evaluated,

and a linear mixed-effects model was used to analyze repeated measurements.

REE

At 5 years, the mean MTPM was 0.66 mm (95% confidence interval [CI], 0.56 to 0.78 mm) for
the cementless group and 0.53 mm (95% CI, 0.43 to 0.64 mm) for the cemented group (p=
0.09). Between 2 and 5 years, there was no progression in mean MTPM for the cementless
group (0.02 mm; 95% CI, -0.06 to 0.10 mm) versus 0.07 mm (95% CI, 0.00 to 0.14) for the
cemented group. One implant was continuously migrating in the cementless group, and 4
were continuously migrating in the cemented group. The clinical scores were comparable

between the groups across the entire time of follow-up.



Conclusions

No significant difference in mean migration was found at 5 years between the cementless
and cemented TKA implants. Progression of tibial component migration was present beyond
2 years for the cemented implant, whereas the cementless implant remained stable after

initial early migration.

Level of evidence

Therapeutic Level 1.



Chapter 4

Introduction

Although cemented fixation of an implant is predominantly used, the use of primary
cementless total knee arthroplasty (TKA) continues to grow (1, 2). Observed loss of cement-
bone interlock and debonding at the cement-implant interface contribute to the interest in
cementless fixation (3, 4). With aseptic loosening as the leading cause of TKA revision,
achieving long-lasting biological fixation of implants is important, especially in those who
are <65 years of age as they may need durability of the implant for another 25 years (5, 6).
The use of metallic 3D printing in orthopaedic surgery has become increasingly popular in
the last decade; it enables the production of cementless implants with complex porous
structures, which may contribute to enhanced bone-implant fixation (7-9).

Excellent clinical outcomes at short-term and midterm follow-up have been described
for cementless 3D-printed TKA implants with highly porous titanium, but it may take a
longer time before problems with a particular device are shown in clinical outcomes (10-
13). Radiostereometric analysis (RSA) is a highly accurate method to detect implant
migration, and it has been shown to predict future aseptic loosening (14, 15). RSA is well-
suited for early detection of safety concerns, and it is the recommended technique for
providing robust postmarketing surveillance (16, 17). Current evaluation of the 3D-printed
Triathlon Tritanium TKA implant with the use of RSA remains limited to short-term follow-
up, showing a higher initial migration compared with its cemented counterpart (18, 19). A
recent case series documenting fatigue fractures of the 3D-printed tibial baseplate highlights
possible safety concerns for this implant and underlines the importance of longer-term
evaluation (20).

This paper aims to compare tibial implant migration for up to 5 years postoperatively
between the cementless 3D-printed TKA implant and its cemented counterpart, with a
particular focus on the progression in migration beyond 2 years. We assessed whether
implant migration was progressive over time or whether continuous stabilization was
achieved after the initial “settling phase.” Our hypothesis was that both the cementless and

cemented tibial components have no progression in migration beyond 2 years.
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Material and methods

Design and patients

This study was approved by the Regional Ethical Review Board in Lund, Sweden (entry no.
2015/8) and registered at ClinicalTrials.gov (NCT02578446). All of the patients gave
informed consent prior to enrollment.

Patient selection and the surgical procedures that were used for this randomized RSA
trial have been described previously (19). In short, 72 patients were randomized to a
cementless Triathlon Tritanium (Stryker) cruciate-retaining (CR) fixed-bearing TKA implant
or a cemented Triathlon (Stryker) CR fixed-bearing TKA implant. The prostheses were
identical in geometrical shape except for the 3D-printed porous structure and 4 pegs on the
undersurface of the tibial baseplate of the cementless implant. SMARTSET GHV bone cement
(DePuy Synthes) was used for the cemented group, leaving the tibial keel cementless in all
cases. Eight spherical tantalum beads (diameter, 0.8 mm; RSA Biomedical) were inserted
into the tibia, and 5 were inserted into the polyethylene of the tibial insert. Patients remained
blinded to the treatment; the surgery was performed by a single experienced surgeon (S.T.-
L). Both groups received the same intraoperative treatment and postoperative

rehabilitation, including immediate full weight-bearing on the day of surgery.

Measurements

The baseline characteristics of the patients were collected, and RSA examinations were
performed at baseline within 2 days after surgery as well as at 3 months and 1, 2, and 5 years
postoperatively. RSA migration measurements were performed by 1 researcher (TJ.N.v.d.L.),
blinded to clinical and patient-reported outcome measures. The Knee Society Score (KSS),
the Knee injury and Osteoarthritis Outcome Score (KOOS), and the Forgotten Joint Score
(FJS) were obtained at all of the follow-up times (21-23). All scores range from 0 to 100, with

higher scores indicating better outcomes.

RSA

Radiographs were made with a biplanar technique at a 90° angle (Cage 10; RSA Biomedical)
with the patient in the supine position. Analysis was performed with Model-based RSA
software (version 4.2; RSAcore) and following RSA guidelines (24). The precision of the local

RSA setup was 0.1 mm for translations and 0.1° for rotations (19). The largest set of
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consistent markers was used at each follow-up to assess migration of the tibial baseplate.
The amount of translation of the marker with the greatest translation (i.e., the maximum
total point motion [MTPM]) was used as the primary outcome measure (25). Migration of
the implant in patients who had a TKA in the left knee was transformed to match the data of
those who had the TKA in the right knee. A mean error of rigid body fitting of <0.35 mm and
a condition number of <120 were set as cutoff points (25). Individual implants were
considered to be “continuously migrating” if the MTPM was 20.3 mm (i.e., 20.1 mm/year)
between 2 and 5 years postoperatively. Implants with 20.2 mm of micromotion in the second
postoperative year but subsequent micromotion of <0.3 mm between 2 and 5 years were

considered “stabilized” (14, 26, 27).

Statistical analysis

As described previously, 23 patients were needed in each group to detect a difference
between groups beyond the 0.13 mm measurement error of the MTPM with a power of 80%
and an alpha of 0.05 (19). To account for possible dropouts and inadequate radiographs, 36
patients were randomized to each group.

The MTPM was compared between the TKA groups using a linear mixed-effects model
(LMM), which effectively deals with missing values during follow-up or when patients
withdraw from the study (e.g., due to revision); it also takes within-subject correlation into
account. The model consisted of a group variable (cementless or cemented TKA implants), a
time variable, and an interaction term between time and group. A random-intercept term
was used, and any remaining variability was modeled with a heterogeneous autoregressive
order-1 covariance structure. Given its non-normal distribution, the main outcome of MTPM
was log-transformed and computed as logio(MTPM + 1). The values presented in this paper
were then back-transformed to the original scale (mm). The mean MTPM at the 5-year
follow-up was compared between the groups, and progression in MTPM beyond 2 years was
assessed for each group. We evaluated the progression in migration by estimating the change
in the MTPM from the LMV, using 3 months, 1 year, and 2 years as baselines. The delta
method was used for approximating the standard error of the transformed mean differences.
Descriptive RSA data of translations and rotations were presented to illustrate the direction
of tibial component migration. Because a normal distribution could not be obtained through
transformation for the clinical scores (KSS, KOOS, and FJS), a comparable generalized

estimating equation (GEE) approach was used. Means were reported with 95% confidence
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intervals (CIs) or standard deviations (SDs). A p value of <0.05 was considered significant.
Analysis was performed using SPSS (version 25.0; IBM) and R software (version 4.2.1; R

Foundation for Statistical Computing).

Cement mantle thickness

In a post hoc analysis, we explored the effect of cement mantle thickness on the migration of
cemented tibial implants. Cement mantle thickness was evaluated by a single observer
(TJ.N.v.d.L) at the first postoperative radiograph: 4 zones on the anteroposterior radiograph
and 2 zones on the lateral radiographs were evaluated according to The Knee Society
Roentgenographic Evaluation and Scoring System (28). Measurements were performed at
the tibial baseplate since the stem was not cemented. Because of random cement
distribution that would have been affected by local bone architecture, cumulative
measurements for the 6 zones were used (29, 30). The mean cumulative cement mantle
thickness of the continuously migrating implants was compared with that of the non-
continuously migrating cemented implants using an independent samples t test. An LMM,
which included cement mantle thickness and time as covariates, was used to explore the

association between cement mantle thickness and MTPM.

Source of funding
This investigator-initiated study was funded by Stryker, but Stryker employees had no part

in the design, conduct, analysis, and interpretation of this study.

Results

All 72 patients received the allocated intervention (Figure 1). Postoperative RSA images of 2
patients in the cemented group were missing, and these patients were excluded from the
analysis. In the cementless group, 1 insert was exchanged due to an infection at 3 weeks
postoperatively. Because markers had been placed in the insert, this patient was excluded
since RSA analysis could not be performed. Baseline characteristics of both groups are
presented in Table 1. In the cemented group, 3 patients withdrew from the study and 1
patient emigrated abroad during the 5-year follow-up. In the cementless group, 1 TKA was
revised at 20 months postoperatively due to pain and migration of the tibial component, 1

patient withdrew from the study, and 1 patient died. Because of COVID-19, 3 patients in the
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cemented group and 1 patient in the cementless group were not able to visit the hospital for
the 5-year follow-up; therefore, RSA examinations at the 5-year follow-up were performed

on 27 and 30 patients in the cemented and cementless groups, respectively (Figure 1).

Table 1. Baseline characteristics.*

Characteristics Cemented Cementless
Patients, n 34 35
Mean age, yrs (SD) 66 (6.3) 65 (5.7)
Male sex, n (%) 18 (53) 18 (51)
Mean BM]I, kg/m? (SD) 30(3.1) 28 (3.1)
ASA classification, n (%)

I 4(12) 13 (37)
II 26 (77) 21 (60)
11 4(12) 1(3)
Ahlbick grade, n (%)

I 1(3) 0(0)

11 7 (21) 8(23)
11 25 (74) 27 (77)
IV 1(3) 0(0)
Preoperative HKA angle, n (%)

Neutral + 1(3) 4(11)
Varus # 30 (88) 23 (66)
Valgus § 3(9) 8 (23)
Postoperative HKA angle, n (%)

Neutral t 23 (68) 20 (57)
Varus % 6(18) 9(26)
Valgus § 5(15) 6(17)

* The values are given as the mean * standard deviation or as the number with the percentages. BMI = Body

mass index. ASA = American society of anesthesiologists. HKA = Hip-knee-ankle. + -3° to 3°. $ < -3°. § > 3°.

RSA migration measurements

The mean MTPM of the cementless and cemented groups at the 5-year follow-up was 0.66
mm (95% CI, 0.56 to 0.78 mm) and 0.53 mm (95% CI, 0.43 to 0.64 mm), respectively (p =
0.09). Between 2 and 5 years, there was no progression in mean MTPM for the cementless
group (0.02 mm; 95% CI, -0.06 to 0.10 mm) versus 0.07 mm (95% CI, 0.00 to 0.14 mm) for
the cemented group (Table 2). Similarly, taking 1 year as the baseline, the cementless
components showed no progression in MTPM between 1 and 5 years (0.04 mm; 95% CI,
-0.06 to 0.13 mm), whereas the cemented component did show progression (0.11 mm; 95%
CI, 0.05 to 0.20 mm). Differences in MTPM between the cementless and cemented groups

became smaller over time (Figure 2). At 3 months and at 1, 2, and 5 years of follow-up, the
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difference in MTPM was 0.22 mm (95% CI, 0.09 to 0.34 mm), 0.21 mm (95% CI, 0.07 to 0.34
mm), 0.18 mm (95% CI, 0.04 to 0.32 mm), and 0.13 mm (95% CI, -0.02 to 0.28 mm),

respectively.

[ Enrolment ]

Randomized (n=72)

A4

—@7

\ 4 Y
Allocated to cemented TKA (n=36) Allocated to 3D-printed cementless TKA
e Received allocated intervention (n=36) (n=36)
e Received allocated intervention (n=36)
Follow-Up
Baseline (n=34) Baseline (n=35)
e Postop RSA radiograph missing (n=2) e Infection treated with insert exchange
3 months (n=34) (n=1)
1 year (n=34) 3 months (n=35)
2 years (n=33) 1 year (n=35)
. Withdrawal (n=1) 2 years (n=34)
5 years (n=30) . Revision TKA (n=1)
. Withdrawal (n=2) 5 years (n=32)
. Emigration (n=1) . Withdrawal (n=1)
. Died (n=1)

A 4 A 4

Baseline (n=34)
. Postop RSA radiograph missing (n=2)

3 months (n=33)

. Low RSA radiograph quality (n=1)
1 year (n=34)

2 years (n=30)

. Withdrawal (n=1)

. Missing RSA radiograph (n=2)

. Low RSA radiograph quality (n=1)
5 years (n=27)

. Withdrawal (n=2)

. Emigration (n=1)

. COVID-19 (n=3)

Baseline (n=35)

. Infection treated with insert exchange
(n=1)

3 months (n=35)

1 year (n=35)

2 years (n=32)

. Revision TKA (n=1)

. Missing RSA radiograph (n=1)

. Low RSA radiograph quality (n=1)
5 years (n=30)

. Withdrawal (n=1)

. Died (n=1)

. Missing RSA radiograph (n=1)

e  (COVID-19 (n=1)

Figure 1. CONSORT flow diagram. TKA = Total knee arthroplasty.
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Table 2. Progression in MTPM.*

Cemented Cementless
Postoperative 3 months 0.32 (0.24 to 0.41) 0.54 (0.45 to 0.64)
1 year 0.42 (0.33t0 0.51) 0.63 (0.53 t0 0.73)
2 years 0.46 (0.37 to 0.56) 0.64 (0.54 to 0.75)
5 years 0.53 (0.43 to 0.64) 0.66 (0.56 to 0.78)
3 months 1year 0.10 (0.04 to 0.16) 0.09 (0.02 to 0.15)
2 year 0.14 (0.06 to 0.22) 0.10 (0.01 to 0.19)
5 year 0.21 (0.11 to 0.31) 0.12 (0.01 to 0.23)
1 year 2 year 0.04 (-0.02 to 0.11) 0.02 (-0.05 to 0.09)
5 year 0.11 (0.05 to 0.20) 0.04 (-0.06 to 0.13)
2 years 5 year 0.07 (0.00 to 0.14) 0.02 (-0.06 to 0.10)

* The specific change in MTPM between the selected baseline and the specific follow-up moment was derived

from the linear mixed-effects model and back-transformed to the original scale (mm).

= = N N w w iy
= 4 = 3 =) 3 =)

Maximum total point motion (MTPM)

e
3

0.0

Cemented

- --- Migrating (Cemented)
——— Cementless

= - =Revised (Cementless)

- --- Migrating (Cementless)

~~~~~~~ Stabilized (Cementless)

Time (years)

Figure 2. MTPM during the 5-year follow-up. The solid lines represent the mean MTPM of the groups, with

95% confidence intervals for all patients. Separate lines are presented for the individual revised, continuously

migrating, and stabilized implants.
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Translations along and rotations about each of the orthogonal axes are presented in the
Appendix, showing a greater absolute initial subsidence of the cementless implant, although
it remained stable beyond 2 years. Multiple cementless implants showed high initial
migration in the first 3 months but stabilized before the second postoperative year (Figure
3). Nevertheless, these implants contributed to the (higher) overall mean migration of the
cementless TKA group (Figure 2). One cementless and 4 cemented components showed
continuous migration beyond 2 years (Figure 2 and 4). One cementless component showing
20.2 mm of migration in the second postoperative year showed no further progression
beyond 2 years and was therefore classified as stabilized. One patient (not shown in Figure
2) with a cemented component showed 20.2 mm of migration in the second postoperative
year but missed the 5-year follow-up visit because of COVID-19, and, therefore, the implant

could not be classified as either stabilized or continuously migrating.

4.0 Cemented

Cementless

Maximum total point motion (MTPM)

Time (years)

Figure 3. Spaghetti plot showing the individual implant-migration profiles.
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Cement mantle thickness

Given the progression in mean MTPM for the cemented group beyond 2 years, we explored
whether this could be explained by the immediate postoperative cement mantle thickness.
The mean cement mantle thickness of the 4 continuously migrating implants (10.11 mm; SD,
4.1) and of the 30 non-migrating cemented implants (9.95 * 3.5 mm) were comparable (p =
0.94). LMM analysis showed no association between cement mantle thickness and MTPM

across the 5-year follow-up period (p = 0.86).

Figure 4. RSA images of a cemented TKA implant. Figure 4-A. Biplanar (lateral and anteroposterior) views
with markers inserted in the polyethylene insert and tibial bone. Figure 4-B. Lateral radiograph of the same
implant, which was classified as continuously migrating. Figure 4-C. Anteroposterior radiograph of the same

implant.
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Figure 5. Mean clinical scores with 95% confidence intervals. KSS = Knee society score. KOOS = Knee injury
and osteoarthritis outcome score. ADL = Activities of daily living. QoL = Quality of life. FJS = Forgotten joint

score.
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Clinical scores and patient reported outcome measures
No significant differences between the groups were found during the 5-year follow-up for

the KSS Knee score, the KSS Function score, the KOOS subscales, and the FJS (Figure 5).

Discussion

The present study showed no difference in mean MTPM between the cementless 3D-printed
and cemented tibial implants at 5 years postoperatively, despite higher initial migration of
the 3D-printed implant. While the cemented implant had less migration in the early
postoperative period, it showed progression of migration beyond 1 year, whereas the
cementless implant remained stable. Moreover, only 1 cementless implant was continuously
migrating beyond 2 years versus 4 cemented implants. This was probably related to a strong
implant-bone interlock in the cementless design and a less favorable cement-bone interlock
in the cemented implant.

Previous studies have reported excellent clinical outcomes of the 3D-printed implant at
short-term and midterm follow-up, which was confirmed by our results (10-13). Although 2
years has generally been accepted as the benchmark for measuring migration, few data are
available on this novel cementless 3D-printed implant, stressing the importance of
evaluating migration over time (31). To our knowledge, this study is the first to report
migration results of the Triathlon Tritanium TKA implant beyond 2 years. In a cohort study
with 2 years of follow-up, Sporer et al. (18) analyzed the migration of the 3D-printed
Triathlon Tritanium TKA implant in 29 patients with use of RSA; they found no significant
progression in mean MTPM between 1 and 2 years. Our study found that this pattern
continued to 5 years of follow-up. RSA studies investigating cementless designs typically
have shown higher early migration, in the first postoperative year (the settling phase),
compared with cemented implants (19, 32, 33). Cemented implants usually show little early
migration since they rely on primary bone fixation through cement interdigitation (15).
However, cemented implants are susceptible to cement-related complications, including
concerns regarding loosening caused by tension and shear as well as third-body wear from
cement debris (5). A previous study described an equivalent migration pattern for cemented
and cementless tibial components between 1 and 2 years postoperatively (34). RSA studies
with longer follow-up are scarce and inconclusive regarding the migration of cemented

implants. For example, Nilsson et al. (35) found that cementless components stabilized after

82



Continued stabilization of a cementless 3D-printed total knee arthroplasty

cementless components stabilized after an initial period of early migration whereas
cemented implants showed initially lower migration followed by progressive migration
beyond 2 years. However, other RSA studies have rarely shown continuous migration of
cemented tibial implants beyond 2 years (27, 36, 37).

Two RSA studies with at least 5 years of follow-up using the same cemented TKA design
have been performed in the same hospital as the present study (Hassleholm Hospital) (26,
32). Consistent with our results, van Hamersveld et al. (32) showed progression in migration
of the cemented component, with a mean MTPM of 0.58 + 0.35 mm at 2 years to 0.68 + 0.50
mm at 5 years. In contrast, Molt et al. (26) reported a similar mean MTPM at 2 and 5 years
(0.65 = 0.66 and 0.66 * 0.38 mm, respectively), but did not employ an LMM to deal with
missing values and repeated measurements, which may have affected their results. Both
studies did not specifically report the progression in mean MTPM (and corresponding 95%
CI) between 2 and 5 years. Studies focusing only on between-group comparisons may
overlook significant changes in migration over time within 1 group.

Significant progression in MTPM does not directly imply a clinically relevant increase in
the rate of aseptic loosening. Still, the migration of the cemented implant beyond 2 years was
unexpected and warrants further research. Cement mantle thickness and proper
penetration of cement into bone have been suggested to influence implant stability (38-41).
However, we found no influence of cement mantle thickness on tibial implant migration. The
results of that post hoc analysis, however, should be regarded as exploratory. For a definitive
answer regarding whether there is an association between cement mantle thickness and
implant migration, a clinical study is needed that has sufficient power and includes analysis
of inter- and intraobserver variability. Additionally, it is important to note that
measurements of cement mantle thickness do not represent the quantity of fixation from the
cement-bone interface (3). Interestingly, all of the patients with a cemented implant that
showed continuous migration were female. Female sex has been described as a risk factor
for increased migration of cemented implants during the first 3 months (42). Laende et al.
(43) found that larger tibial components were associated with increased migration for
cemented implants in women, but this was not observed in our study.

A strength of this study was the use of RSA for a highly accurate measurement of implant
migration. Besides the comparison of 2 TKA designs, RSA allows for analysis of implant
migration over time within 1 group. However, some limitations should be noted. The effect

of the 3D-printed cementless design cannot be separated from that of the 4 additional pegs
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on the undersurface of the tibial plateau (19). To specifically assess the effect of 3D printing
on implant migration, a comparison is needed with a conventionally manufactured
cementless TKA implant instead of a cemented TKA implant. Also, the study was single-
blinded since it is impossible to blind clinicians and researchers given the difference in
radiographic appearance of the 2 types of implants.

In conclusion, there was no progression in MTPM for the cementless 3D-printed tibial
components between 2 and 5 years, whereas the cemented components showed
progression in migration. The early postoperative migration of the cementless 3D-printed
TKA components occurred mainly during the first 3 months and can probably be considered

physiological as part of the implant settling phase.
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Supplementary data

Table. Mean translations (mm) along and rotations (degrees) about each orthogonal axis with 95%

confidence interval, as derived from the linear mixed-effects model. Post-operative RSA examination is used

to calculate translations and rotations at each follow-up moment.

Cemented

Cementless

Translation along transverse axis (mm)

- 3 months
- 1year

- 2 years

- 5 years

0.02 (-0.04 to 0.08)
0.04 (-0.02 to 0.10)
0.06 (0.00 to 0.12)
0.05 (-0.01 to 0.12)

-0.05 (-0.11 to 0.00)
-0.06 (-0.12 to 0.00)
-0.07 (-0.12 to -0.01)
-0.06 (-0.12 to 0.00)

Translation along longitudinal axis (mm)

- 3 months
- 1year

- 2 years

- 5 years

0.02 (-0.04 to 0.08)
0.02 (-0.04 to 0.08)
0.01 (-0.05 to 0.07)
0.03 (-0.03 to 0.10)

-0.15 (-0.21 to -0.09)
-0.12 (-0.18 to -0.06)
-0.13 (-0.19 to -0.08)
-0.13 (-0.19 to -0.06)

Translation along sagittal axis (mm)

- 3 months
- 1year

- 2 years

- 5 years

0.02 (-0.07 to 0.12)
0.06 (-0.04 to 0.15)
0.02 (-0.07 to 0.12)
0.05 (-0.05 to 0.15)

0.02 (-0.08 to 0.11)
0.00 (-0.10 to 0.09)
-0.03 (-0.12 to 0.07)
-0.01 (-0.11 to 0.08)

Rotation about transverse axis (°)
- 3 months
- 1 year
- 2 years
- 5 years

0.01 (-0.23 to 0.26)
-0.02 (-0.27 to 0.22)
-0.11 (-0.35 to 0.15)
-0.10 (-0.36 to 0.16)

-0.25 (-0.49 to -0.01)
-0.40 (-0.64 to -0.16)
-0.44 (-0.68 to -0.20)
-0.42 (-0.67 t0 -0.17)

Rotation about longitudinal axis (°)
- 3 months
- 1year
- 2 years
- 5 years

-0.04 (-0.12 to 0.03)
-0.03 (-0.11 to 0.04)
-0.02 (-0.09 to 0.06)
-0.05 (-0.13 to 0.03)

0.01 (-0.07 to 0.08)
-0.02 (-0.10 to 0.05)
-0.02 (-0.10 to 0.05)
0.03 (-0.05 to 0.11)

Rotation about sagittal axis (°)
- 3 months
- 1 year
- 2 years
- 5 years

0.02 (-0.08 to 0.12)
-0.02 (-0.12 to 0.08)
-0.04 (-0.14 to 0.06)
-0.08 (-0.19 to 0.02)

0.13 (0.03 to 0.23)
0.11 (0.01 to 0.20)
0.11 (0.01 to 0.21)
0.04 (-0.06 to 0.15)
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Abstract

Background and purpose

Different marker-selection methods are applied to represent implant and tibial segments in
radiostereometric analysis (RSA) studies of total knee arthroplasty (TKA). Either a
consistent set of markers throughout subsequent RSA examinations (“consistent-marker
method”) is used or all available markers at each follow-up (“all-marker method”). The aim
of this secondary analysis was to compare marker-selection methods on individual and

group level TKA migration results.

Methods

Data from a randomized RSA study with 72 patients was included. Tibial baseplate migration
was evaluated at 3 months, 1, 2, and 5 years postoperatively with both marker-selection
methods. Additionally, migration was calculated using 5 fictive points, either plotted based

on the consistent set of markers or all available markers.

Results

Migration could be calculated with both marker-selection methods for 248 examinations.
The same prosthesis and bone markers (n = 136), different prosthesis markers (n = 71),
different bone markers (n = 21), or different prosthesis and bone markers (n = 20) were
used. The mean difference in maximum total point motion (MTPM) between all examinati-
ons was 0.02 mm, 95% confidence interval -0.26 to 0.31 mm. 5 implants were classified as
continuously migrating with the consistent-marker method versus 6 implants (same 5 plus
one additional implant) with the all-marker method. Using fictive points, fewer implants
were classified as continuously migrating in both marker-selection methods. Differences be-
tween TKA groups in mean MTPM were comparable with both marker-selection methods,

also when fictive points were used.

Conclusion
Estimated group differences in mean MTPM were similar between marker-selection
methods, but individual migration results differed. The latter has implications when clas-

sifying implants for estimated risk of future loosening.



Influence of marker-selection method in RSA of TKA on tibial baseplate migration patterns

Introduction

Radiostereometric analysis (RSA) is a technique to detect early implant migration, which is
predictive for future loosening of tibial components in total knee arthroplasty (TKA) (1, 2).

Marker-based RSA requires the bone and prosthesis to be defined in 3 dimensions by
inserting small radiopaque markers in each segment (3). However, marker projections can
be superimposed by implant projection, be out of view due to incorrect patient positioning,
be invisible due to poor roentgen technique, and individual markers can be unstable. An RSA
analyst can choose to calculate migration using only those markers consistently visible at all
RSA examinations (“consistent-marker method”) or use all available markers at each follow-
up examination that can be matched to the reference RSA image (“all-marker method)
(Figure 1). Interestingly, most RSA studies do not specify the marker-selection method used.

For the maximum total point motion (MTPM), i.e,, the length of the translation vector of
the point in a rigid body that has the greatest motion, RSA guidelines and the ISO standard
(ISO 16087:2013) state that if the points of measurement in a rigid body do not correspond
between different implant designs, any comparison will become incorrect (4, 5). To
overcome this problem, fictive points should be used to assess MTPM (4). However, in RSA
studies with markers in the polyethylene (PE) liner of the tibial component fictive points are
often not used (6-11). A recent review of all RSA studies on tibial component migration
categorized “modular PE marker” and “fictive point” as separate marker-based RSA
techniques (12). Furthermore, RSA guidelines do not provide guidance on the number and
location of fictive points that should be used, or how these points should be plotted using
the actual tantalum insert markers (4).

The aim of our study was to assess whether the marker-selection method affects the
calculated migration of individual implants as well as the mean estimated migration results

at group level. As a secondary analysis, we assessed the influence of using fictive points.
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a. Baseline \ . b. 3 months

3
i | |
- o

¢+1 year(Consistent-marker method) c~1"year-(All-marker method)

Figure 1. RSA examinations showing the baseline (a) and 3 months (b) follow-up examination of a patients.
At 3 months, the anterolateral marker (red circle) in the PE insert is overprojected by the implant in the lateral
radiograph. Using the consistent-marker method, only 4 of the 5 markers in the PE insert are selected at the
1-year follow-up (c) for the migration calculation (as these are the markers used at the 3 months
examination). With the all-marker method, all 5 available markers that can be matched to the reference

examination are used for the migration calculation at the 1-year follow-up (d).

Methods

Patient enrolment and the 2- and 5-year outcomes have been described elsewhere (13, 14).
In short, 72 patients were randomized to either a cementless Tritanium Triathlon Cruciate
Retaining (CR) fixed bearing TKA or a cemented Triathlon CR fixed bearing TKA (both
Stryker, Mahwah, NJ, USA). All patients were operated on by a single surgeon (STL). 8
spherical tantalum markers (¢ 0.8 mm, RSA Biomedical, Umed, Sweden) were inserted into

the tibia, and 5 were implanted in the PE insert at standardized positions.
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Radiostereometric analysis

The first RSA examination was performed 2 days after surgery and served as the reference
for the migration measurements. Subsequent examinations were performed at 3 months, 1,
2, and 5 years postoperatively. Supine RSA radiographs were taken with a biplanar
calibration cage (Cage 10, RSA Biomedical, Umed, Sweden) with a 90° angle between
radiographs and analysed using model-based RSA (MBRSA) (v.4.2, RSAcore, Leiden,
Netherlands) (4). The precision of the RSA setup was 0.1 mm for translations and 0.1° for
rotations (13). The migration of the tibial baseplate relative to the tibial bone was assessed
and MTPM was used as the primary outcome measure (5).

The clinical studies presenting the 2- and 5-year results used the consistent-marker
method for the migration calculations (without fictive points) (13, 14). For this study,
migration was recalculated based on the same RSA scenes by the same researcher (TvdL)
but using the all-marker method. The only difference between the methods was therefore
the set of selected markers in either the PE liner or the tibial bone. Thresholds for ME (< 0.35
mm) and CN (< 120) were used for both methods (5). Individual implants were considered
continuously migrating if MTPM was = 0.3 mm (i.e.,, = 0.1 mm/year) between 2 and 5 years
(1, 15-18). Implants with =2 0.2 mm micromotion at 2 years but micromotion of < 0.3 mm

between 2 and 5 years were considered “stabilized.”

Statistics

The limits of agreement between the 2 marker-selection methods, defined as the mean *
1.96 x standard deviation (SD), should be within + 0.5 mm of translation or + 0.8° of rotation
for the measures to be considered equivalent (19). These thresholds were chosen as these
are considered the smallest clinically relevant values (4, 20, 21). There is no specific
threshold described in the literature to be the smallest clinically relevant value of MTPM.
However, individual implants showing 2 0.2 mm migration (MTPM) in year 2 are generally
considered at risk of loosening (1, 22, 23). Therefore, we considered 0.2 mm a clinically
relevant threshold for MTPM.

The mean difference in MTPM between marker-selection methods was calculated
separately for examinations in which different prosthesis marker, bone markers, or both
were used. A linear mixed-effects model (LMM), which deals effectively with missing values
and takes within-subject correlation into account, was used to compare the migration of TKA

groups for both marker-selection methods (24). The model consisted of a group variable, a
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time variable, and an interaction term between the time and group variable. Patients were
included as a random factor by using a random-intercept term and the remaining variability
was modelled with a heterogeneous autoregressive order 1 covariance structure. The
likelihood ratio test was used to test for a difference in mean migration, comparing this
model with a model including only the time variable. Given its non-normal distribution,
MTPM was log-transformed, computed as logl0(MTPM+1). Presented values were back-
transformed to the original scale in millimetres. The differences in mean MTPM between the
TKA groups at each follow-up moment were calculated for the consistent-marker and all-
marker methods, using the delta method for approximating the standard error of the
transformed results. Descriptive RSA data is presented to illustrate the directions of mean
translations and rotations for both marker-selection methods. Additionally, we assessed
whether the classification of individual TKAs as continuously migrating or stabilized differed
between the marker-selection methods. Means were reported with 95% confidence interval
(CI) or with range if this was indicative for the direction of the differences. A P value < 0.05
was considered statistically significant. Analyses were performed using SPSS (v.25, IBM
Corp, Armonk, New York, USA) and R software (v.4.2.1, R Foundation for Statistical

Computing, Vienna, Austria).

Secondary RSA analyses using fictive points

Additional migration analyses were performed using 5 fictive points on the insert. 5
standardized points were chosen in the polyethylene insert (midpoint anteriorly,
anterolateral, anteromedial, and 2 posterior points on the medial and lateral curves of the
insert) and used to calculate the MTPM. The fictive points were plotted in all follow-up
examinations based on either the migration of the consistent set of actual markers or all
available markers. Note that the actual implant markers are still needed to plot these fictive

points and need to adhere to the CN and ME thresholds.

Ethics, registration, funding, and disclosures

The original RSA study was approved by the Regional Ethical Review Board in Lund (entry
no. 2015/8) and registered at clinicaltrials.gov (NCT02578446). All patients gave their
informed consent prior to enrolment. The original RSA study was funded by Stryker but

Stryker had no part in the design, conduct, analysis, and interpretation stated in this paper.
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Results

Of the 72 patients, 2 patients had missing baseline radiographs in the cemented group and

could not be analysed (14). Because the insert of 1 patient in the cementless group was

exchanged to treat an early postoperative infection, this patient was also excluded from the

analysis. From 69 patients, 259 follow-up RSA examinations were performed during the 5-

year follow-up. In 2 patients, 6 markers were implanted in the PE insert instead of 5. In 3

patients, 9 instead of 8 markers were placed in the tibial bone (Table 1).

Table 1. Characteristics of the marker-selection methods using the RSA examinations of a randomized

controlled trial (RCT) including the 3 months, 1 year, 2 years, and 5 years follow-up examinations.

Consistent-marker

Characteristics All-marker method
method
Patients, n 69 69
RSA examinations, n 248 250
Tibial prosthesis markers, n (%)
3 87 (35) 34 (14)
4 94 (38) 93 (37)
5 67 (27) 119 (48)
6 0(0) 4(2)
ME prosthesis, mean (SD) 0.09 (0.05) 0.10 (0.05)
range 0.02 - 0.34 0.02-0.35
CN prosthesis, mean (SD) 37.8(13.5) 32.0 (10.9)
range 21.5-102.9 21.2-1029
Tibial bone markers, n (%)
3 3(D) 1(0)
4 6(2) 6(2)
5 26 (11) 18 (7)
6 27 (11) 19 (8)
7 78 (32) 74 (30)
8 97 (39) 121 (48)
9 11 (4) 11 (4)
ME tibial bone, mean (SD) 0.14 (0.06) 0.15 (0.03)
range 0.03-0.33 0.03-0.33
CN tibial bone, mean (SD) 38.2 (11.6) 36.7 (10.9)
range 24.0-93.2 24.1-93.2

ME = Mean error. CN = Condition number.
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In 9 RSA examinations the migration could not be calculated with either the consistent-
marker or the all-marker method, because of inferior radiograph quality, or < 3 markers
were visible. Tibial baseplate migration was calculated in 248 and 250 RSA examinations for
the consistent-marker and all-marker method, respectively (Table 1). This difference was
caused by 2 RSA examinations in which the specific set of same markers was not available to
calculate migration, but sufficient other markers could be used to calculate migration with
the all-marker method. Only in 29 (42%) of the 69 patients were the same prosthesis and
bone markers used during all available follow-up examinations with both methods. For 248
RSA examinations, the exact same prosthesis and bone markers were used in 136 (55%)
examinations, different prosthesis markers in 71 (29%), different bone markers in 21 (8%),

and different markers in both prosthesis and bone markers in 20 (8%) examinations.

Table 2. Differences in translations (mm), rotations (°), and MTPM (mm) between the consistent-marker and
all-marker method and differences in migration results between the methods using 5 fictive points, matched
either with a consistent set of actual markers or all available markers (secondary analysis). Mean differences
are reported with the 95% confidence intervals (CI), which represent the limits of agreement between the 2

methods (n = 248 RSA examinations).

Translation (mm)

Method Transverse Longitudinal Sagittal MTPM
Differences between the consistent-marker and all-marker method
mean (SD) 0.00 (0.09) -0.01 (0.06) 0.01 (0.07) 0.02 (0.14)
CI -0.17 t0 0.17 -0.13t0 0.11 -0.14 t0 0.15 -0.26 t0 0.31
Differences between the consistent-marker and all-marker method using 5 fictive markers
mean (SD) 0.00 (0.09) 0.00 (0.03) 0.01 (0.07) 0.01 (0.09)
CI -0.17 to 0.16 -0.07 to 0.06 -0.13t0 0.15 -0.27 to 0.29

Rotations (°)

Method Transverse Longitudinal Sagittal
Differences between the consistent-marker and all-marker method
mean (SD) 0.02 (0.08) 0.00 (0.06) 0.00 (0.11)
CI -0.14 to0 0.18 -0.13t0 0.12 -0.21 to 0.22

Differences between the consistent-marker and all-marker method using 5
fictive markers
mean (SD) 0.02 (0.08) 0.00 (0.06) 0.00 (0.11)
CI -0.15t0 0.18 -0.12 t0 0.12 -0.21 to 0.22
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Figure 2. A scatterplot showing the MTPM of all RSA examinations calculated with both the consistent-marker
and all-marker method (n = 248). The dotted line represents the line of equality. The difference in markers

that have been used for the migration calculation for each examination is specified.

MTPM, translations and rotations

The mean difference in MTPM of all examinations, including examinations in which the same
prothesis and bone markers were used with both methods, was 0.02 mm (CI -0.26 to 0.31).
The limits of agreements of MTPM exceeded the * 0.2 mm thresholds (Table 2). When only
different prosthesis markers were used, MTPM as calculated with the all-marker method
was always equal or higher compared with the consistent-marker method (Figure 2). The
“different prosthesis markers” group showed a mean difference in MTPM of 0.07 (range 0.00
to 1.61) between the marker-selection methods and included the examination with the
greatest difference in MTPM between methods (Figure 3, see supplementary data). In the
group of examinations where only different bone markers were used, the mean difference in
MTPM was 0.00 (range -0.35 to 0.76). Finally, in the subgroup of examinations where
different markers in both prosthesis and bone were used, the mean difference was 0.04
(range -0.12 to 0.26). The limits of agreement for translations and rotations of all RSA

examinations were within + 0.5 mm and * 0.8°, respectively (Table 2). The mean signed
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translations and rotations along and about each orthogonal axis showed comparable results

with both marker-selection methods (Table 3, see supplementary data).

Group migration patterns

The estimated MTPM across all follow-up examinations, as derived from the LMMs, was
slightly higher with the all-marker than with the consistent marker method (Table 4). Only
at the 1-year follow-up for the cementless group, the mean MTPM was exactly the same.
Regarding the estimated difference between TKA groups, the mean migration trajectory over
the entire follow-up period of the cemented group was significantly higher compared with
the cementless groups using either the consistent-marker method (P < 0.01) or the all-
marker method (P < 0.01) (Figure 4). The difference in MTPM between TKA groups became

smaller over time with both marker-selection methods.

Table 4. RSA migration analysis of maximum total point motion (MTPM) in the cementless and cemented
group using either the consistent-marker or all-marker method and using 5 standardized fictive points,
matched either with a consistent set of actual insert markers or all available markers at each follow-up
moment. Values are mean MTPM (mm) with the 95% confidence intervals (CI), as derived from the linear

mixed-effects model.

Methods

Cementless Cemented Group difference
Follow-up
MTPM with consistent-marker method
3 months 0.54 (0.45 to 0.64) 0.32 (0.24 t0 0.41) 0.22 (0.09 to 0.35)
1 year 0.63 (0.53 t0 0.73) 0.42 (0.33 t0 0.51) 0.21 (0.07 to 0.34)
2 years 0.64 (0.54 to 0.75) 0.45 (0.37 to 0.56) 0.18 (0.04 to 0.32)
5 years 0.66 (0.56 to 0.78) 0.53 (0.43 to 0.64) 0.13 (-0.02 to 0.28)
MTPM with all-marker method
3 months 0.57 (0.47 to 0.67) 0.33 (0.25t0 0.42) 0.23 (0.10 to 0.37)

1 year 0.63 (0.52 to0 0.73)
2 years 0.65 (0.54 to 0.76)
5 years 0.69 (0.57 to 0.80)

0.46 (0.36 to 0.56)
0.50 (0.40 to 0.61)
0.56 (0.45 to 0.67)

0.17 (0.03 to 0.31)
0.14 (0.00 to 0.29)
0.13 (-0.03 to 0.29)

MTPM with fictive points plotted with consistent set of markers

3 months 0.53 (0.44 to 0.64)
1 year 0.60 (0.49 to 0.71)
0.60 (0.49 to 0.71)
0.61 (0.51 to 0.73)

2 years
5 years

0.32 (0.23 to 0.41)
0.39 (0.30 to 0.48)
0.43 (0.33 to 0.53)
0.49 (0.39 to 0.60)

0.22 (0.08 to 0.35)
0.21 (0.07 to 0.35)
0.17 (0.03 to 0.31)
0.12 (-0.03 to 0.26)

MTPM with fictive points plotted with all available markers

3 months 0.55 (0.44 to 0.65)
1 year 0.59 (0.49 to 0.71)
2 years 0.59 (0.49 to 0.71)
5 years 0.64 (0.53 to 0.75)

0.32 (0.23 to 0.41)
0.41 (0.31 to 0.51)
0.44 (0.35 to 0.55)
0.51 (0.40 to 0.63)

0.22 (0.09 to 0.36)
0.19 (0.04 to 0.33)
0.15 (0.00 to 0.30)
0.13 (-0.03 to 0.29)
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Continuously migrating implants

With the consistent-marker method, 5 implants (4 cemented and 1 cementless) were
classified as continuously migrating (Table 5). Using the all-marker method, the same
components and 1 additional cementless component were classified as continuously
migrating. A larger increase in MTPM between 2 and 5 years with the all-marker method
classified this additional implant as continuously migrating, because a different set of bone
markers was used to calculate migration at 2-year follow-up, resulting in a lower MTPM.
Both marker-selection methods classified 1 cementless implant as stabilized, but these were
different implants (Table 5). Different bone markers were used in the migration calculation
of patient 51, who was not classified as stabilized with the all-marker method as the
migration in the second postoperative year was < 0.2 mm. Patient 7, where different
prosthesis and bone markers were used, was not classified as stabilized with the consistent-
marker method as the migration in the second postoperative year was < 0.2 mm and there
were no 5-year follow-up results because the same set of markers was not available in those

radiographs.
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Figure 4. RSA results of maximum total point motion (MTPM). The mean and 95% confidence interval for the
cemented and cementless group are shown for both the consistent-marker method and the all-marker

method.
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Table 5. Patients classified as stabilized or continuously migrating per group according to the marker-

selection method.

Factor Cemented (n = 34) Cementless (n = 35)
Stabilized*
Consistent-marker method 0 1(#51)
All-marker method 0 1(#07)
Fictive points
Consistent marker set 0 1 (#51)
All available markers 0 0
Continuously migrating**
Consistent-marker method 4 (#09,19,40,70) 1(#32)
All-marker method 4 (#09,19,40,70) 2 (#16,32)
Fictive points
Consistent marker set 2 (#40,70) 0
All available markers 2 (#40,70) 1(#07)

*2 0.2 mm MTPM in year 2 but < 3 mm between 2 and 5 years.

** > 0.3 mm MTPM between 2 and 5 years.

Secondary RSA analyses using fictive points

The mean differences in MTPM, translations, and rotations between the matching methods
when using fictive points were comparable with the differences between the consistent-
marker and all-marker method (Table 2). Fewer patients were classified as continuously
migrating when fictive points were used (Table 5). Differences in MTPM between the TKA
groups remained comparable (Table 4). Mean translations and rotations of the fictive point

analyses are presented in Table 6 (see supplementary data).

Discussion

We demonstrated that the mean difference in MTPM across all RSA examinations between
the marker-selection methods was very small (0.02 mm, CI -0.26 to 0.31) and did not result
in different conclusions regarding TKA group migration. However, the limits of agreement
exceeded the clinically relevant threshold of £ 0.2 mm for individual implant migration. This
implies that the two marker-selection methods cannot be used interchangeably when
assessing individual migration patterns based on strict thresholds. We demonstrated that
for most patients in atleast one follow-up examinations a different marker-selection method

resulted in different markers being used for the migration calculation.
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The all-marker method resulted in equal or higher MTPM than the consistent-marker
method when only prosthesis markers differed, which logically follows from the definition
of MTPM. Using the all-marker method, the estimated MTPM can be determined by a marker
that is not selected when using the consistent-marker method, but not vice versa. Therefore,
MTPM with the consistent-marker method can never be higher than with the all-marker
method if only different prosthesis markers are used. When different bone markers are used,
MTPM can be either higher or lower with the all-marker method as this influences the
alignment of the reference rigid body.

Mean MTPM is frequently used to assess the risk of loosening of TKA designs (2). As we
found the influence of marker-selection method on mean estimated MTPM to be small, it
appears justified to compare group-level migration results across RSA studies using either
method. However, the number of individual implants classified as continuously migrating
according to specific thresholds is also frequently reported in RSA studies (18, 22, 25). We
showed that this number may depend on the marker-selection method that is used.

In routine RSA, migration is expressed in a migrating coordinate system that has its
origin in the geometric center of the prosthesis markers in the reference examination, and
is aligned with the global coordinate system (Figure 5 see supplementary data) (3, 4).
Although MTPM and rotations are not affected by changing the origin of the migrating
coordinate system, the latter does affect the calculated translations (3). RSA guidelines state
that the point(s) used to calculate translation of a rigid body should be “standardized” at all
follow-up occasions in all patients (4). However, this recommendation is ambiguous and
does not provide clear guidance on which marker-selection method to use. Using the
consistent-marker method, the origin of the implant will remain consistent between all
follow-up examinations within the same patient. On the other hand, with the all-marker
method, the origin differs between follow-up moments within the same patients. For both
methods, the location of the origin will differ between patients, as the set of available
markers differs.

Although RSA guidelines state that fictive points should be used to calculate MTPM,
fictive points are not always used in clinical RSA studies. Nilsson et al. (26) described that by
using the location of the actual insert markers on the radiographs, the positions of the
plotted fictive points could be transformed to their corresponding position. However, it is
unclear which fictive points should be used and which actual insert markers should be used

to plot the position of the fictive points. The present study shows that using either a
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consistent set of markers or all available markers to plot the fictive points did not result in
different conclusions regarding TKA group migration. However, it did influence the
classification of individual implants.

More RSA examinations were used to calculate implant migration with the all-marker (n
= 250) versus the consistent-marker (n = 248) method. A disadvantage of the all-marker
method is that one individual migrating marker may influence MTPM. For example, a
prosthesis marker in an RSA examination might be excluded in the next examinations when
it leads to an ME threshold violation. In previous examinations this unstable marker may
already have migrated relative to other markers in the same rigid body without exceeding
the ME threshold. The MTPM of the previous examinations may then be erroneously high
because of one unstable marker. The consistent-marker method would not have this
problem, because the unstable marker will not be part of the set of consistent markers. A
disadvantage of the consistent-marker method is that migration results of examinations can
change because of subsequent RSA examinations, when the later follow-up examination is
the limiting factor in determining the consistent set of markers. It may be counterintuitive

that short-term migration results are affected by later examinations.

Strengths

This was the first study to compare different marker-selection methods to calculate implant
migration within a clinical RSA study. As one researcher (TvdL) performed all RSA analyses
using the exact same RSA scenes for both marker-selection methods, there was no inter- or
intra-observer variability that affected the calculated differences between the methods.
Additionally, all patients were operated on by a single surgeon (STL) and there was no
systematic difference in marker placement between patients. Moreover, the findings of our
study are not restricted to marker-based RSA. Even model-based RSA still requires markers
in the bone (27). Our findings are also relevant for RSA of other joints, where different sets

of markers at successive follow-up moments may also be present.

Limitations

The quality of radiographs may differ between studies and it is possible that the proportion
of examinations with different prosthesis and/or bone markers would be different in other
studies. Note that if individual markers are excluded for specific reasons, such as

overprojection or instability, results in structural differences could potentially change the
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resultant shape of the rigid body systematically. Finally, although it has its own limitations,

CT-based RSA avoids the issue of marker-selection method (28).

Conclusion

We showed that the estimated differences in migration at group level did not change when
using either the all-marker or consistent-marker method, or when using 5 fictive points.
However, individual implant migration measurements are different between marker-
selection methods. In perspective, RSA studies should report the marker-selection method
that is used, as part of the standardized output to facilitate comparison between clinical
studies. Moreover, if fictive points are used, the location of these points and how they were

plotted needs to be reported.
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Supplementary data

Table 3. Mean translations (mm) along and rotations (°) about each orthogonal axis with 95% confidence

intervals, as derived from the linear mixed-effects model.

Cemented (n = 34) Cementless (n = 35)

Axis
Follow-up

Consistent-marker
method

All-marker
method

Consistent-marker
method

All-marker
method

Translation along transverse axis (mm)

3months  0.02(-0.04t00.08)  0.01(-0.06t00.07)  -0.05(-0.11t00.00)  -0.05 (-0.12 to 0.01)
1year 0.04 (-0.02 to 0.10) 0.06 (0.00t00.12)  -0.06 (-0.12t0 0.00)  -0.06 (-0.12 to 0.01)
2years 0.06 (0.00 to 0.12) 0.05(-0.02t00.11)  -0.07 (-0.12t0-0.01)  -0.06 (-0.12 to 0.01)
5years 0.05(-0.01t00.12)  0.01(-0.06t00.08)  -0.06 (-0.12t00.00)  -0.05 (-0.12 to 0.01)

Translation along longitudinal axis (mm)

3months  0.02(-0.04t00.08)  0.02(-0.06t00.06)  -0.15 (-0.21t0-0.09)  -0.17 (-0.23 to-0.11)
1year 0.02 (-0.04t00.08)  0.01(-0.05t00.07)  -0.12 (-0.18 t0-0.06)  -0.11 (-0.17 to -0.06)
2years 0.01(-0.05t00.07)  0.01(-0.05t00.07)  -0.13 (-0.19t0-0.08)  -0.13 (-0.19 t0 -0.07)
5years 0.03(-0.03t00.10)  0.02 (-0.04t00.09)  -0.13 (-0.19 t0-0.06)  -0.13 (-0.20 to -0.07)

Translation along sagittal axis (mm)

3months  0.02(-0.07t00.12)  0.03 (-0.09t00.09)  0.02(-0.08t00.11)  0.01 (-0.08 to 0.10)
1year 0.06 (-0.04t00.15)  0.08(-0.02t00.17)  0.00 (-0.10t0 0.09)  -0.01 (-0.10 to 0.09)
2years 0.02(-0.07t00.12)  0.03(-0.07t00.13)  -0.03 (-0.12t00.07)  -0.01 (-0.11 to 0.08)
5years 0.05(-0.05t0 0.15)  0.06 (-0.04t00.16)  -0.01(-0.11t00.08)  -0.03 (-0.12 to 0.07)

Rotation about transverse axis (°)

3months  0.01(-023t00.26)  0.04(-020t00.29)  -0.25 (-0.49t0-0.01)  -0.25 (-0.49 to -0.01)
1 year -0.02 (-027t00.22)  0.01(-023t00.26)  -0.40 (-0.64t0-0.16)  -0.39 (-0.62 to -0.15)
2years -0.11(-035t00.15)  -0.08 (-0.33t00.17)  -0.44 (-0.68t0-0.20)  -0.44 (-0.68 to -0.19)
5years -0.10 (-0.36t0 0.16)  -0.07 (-0.33t00.19)  -0.42 (-0.67t0-0.17)  -0.42 (-0.67 to-0.17)

Rotation about longitudinal axis ()

3months  -0.04(-0.12t00.03)  -0.04 (-0.12t00.04)  0.01(-0.07t00.08)  0.02 (-0.06 to 0.09)
1year -0.03(-0.11t00.04)  -0.03 (-0.11t00.05)  -0.02 (-0.10t0 0.05)  -0.03 (-0.11 to 0.04)
2 years -0.02 (-0.09t0 0.06)  -0.02 (-0.10 t0 0.06)  -0.02 (-0.10t0 0.05)  -0.02 (-0.10 to 0.06)
5years -0.05(-0.13t00.03)  -0.07 (-0.15t00.02)  0.03 (-0.05t00.11)  0.04 (-0.04 t0 0.12)

Rotation about sagittal axis (°)

3months  0.02(-0.08t00.12)  0.03 (-0.07 to 0.14) 0.13 (0.03 t0 0.23) 0.12 (0.02 to 0.23)
1year -0.02 (-0.12t0 0.08)  -0.04 (-0.14t00.07)  0.11 (0.01 to 0.20) 0.11 (0.01 to 0.21)
2years -0.04 (-0.14t0 0.06)  -0.03 (-0.14t0 0.07)  0.11(0.01 to 0.21) 0.12 (0.02 to 0.22)
5years -0.08 (-0.19t00.02)  -0.04 (-0.16 t00.07)  0.04 (-0.06t00.15)  0.05 (-0.05 to 0.16)
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Table 6. Mean translations (mm) along and rotations (°) about each orthogonal axis with 95% confidence
intervals, as derived from the linear mixed-effects model, when using 5 fictive points (FP) matched either with

a consistent set of actual markers or all available markers in each follow-up.

Cemented (n = 34) Cementless (n = 35)

Axis Consistent-marker
Follow-up method

All-marker
method

Consistent-marker
method

All-marker
method

Translation along transverse axis (mm)

3 months 0.02 (-0.04 to 0.08)
1year 0.04 (-0.02 to 0.10)
2 years 0.06 (0.00 to 0.12)
5years 0.05 (-0.01 to 0.11)

0.01 (-0.06 to 0.07)
0.06 (-0.01 t0 0.12)
0.05 (-0.02 t0 0.12)
0.02 (-0.05 to 0.08)

-0.05 (-0.11 to 0.00)
-0.06 (-0.12 to 0.00)
-0.06 (-0.12 to -0.01)
-0.06 (-0.12 to 0.00)

-0.05 (-0.12 to 0.01)
-0.06 (-0.12 to 0.01)
-0.06 (-0.12 to 0.00)
-0.05 (-0.12 t0 0.01)

Translation along longitudinal axis (mm)

3 months 0.02 (-0.03 to 0.08)
1year 0.02 (-0.04 to 0.07)
2 years 0.00 (-0.06 to 0.06)
5years 0.02 (-0.04 to 0.08)

0.02 (-0.04 to 0.07)
0.01 (-0.04 to 0.07)
0.00 (-0.06 to 0.05)
0.02 (-0.04 to 0.08)

-0.17 (-0.22 to -0.11)
-0.14 (-0.20 to -0.09)
-0.15 (-0.20 to -0.09)
-0.13 (-0.19 to -0.07)

-0.18 (-0.23 t0 -0.12)
-0.14 (-0.20 to -0.09)
-0.15 (-0.20 to -0.09)
-0.14 (-0.20 to -0.09)

Translation along sagittal axis (mm)

3 months 0.02 (-0.07 to 0.11)
1year 0.05 (-0.04 to 0.14)
2 years 0.01 (-0.08 to 0.11)
5years 0.03 (-0.06 to 0.14)

0.03 (-0.06 to 0.12)
0.08 (-0.02 t0 0.17)
0.03 (-0.07 t0 0.12)
0.05 (-0.05 t0 0.15)

0.01 (-0.08 to 0.10)
-0.01 (-0.10 to 0.08)
-0.02 (-0.12 to 0.07)
-0.02 (-0.11 to 0.08)

0.00 (-0.09 to 0.10)
-0.01 (-0.10 to 0.09)
-0.01 (-0.10 to 0.09)
-0.02 (-0.13 t0 0.07)

Rotation about transverse axis (°)

3 months 0.02 (-0.23 t0 0.23)
1year -0.02 (-0.26 t0 0.22)
2 years -0.11 (-0.35t0 0.14)
5 years -0.09 (-0.35 t0 0.16)

0.04 (-0.20 to 0.24)
0.01 (-0.23 to 0.25)
-0.08 (-0.33 t0 0.16)
-0.07 (-0.03 t0 0.19)

-0.24 (-0.48 to -0.01)
-0.40 (-0.64 to -0.17)
-0.44 (-0.68 to -0.20)
-0.42 (-0.66 to -0.17)

-0.25 (-0.49 to -0.01)
-0.39 (-0.63 to -0.15)
-0.44 (-0.68 to -0.19)
-0.42 (-0.66 t0 -0.17)

Rotation about longitudinal axis (°)

3 months -0.04 (-0.12 to 0.03)
1 year -0.04 (-0.11 to 0.04)
2 years -0.02 (-0.09 to 0.06)
5years -0.05 (-0.13 t0 0.03)

-0.04 (-0.12 t0 0.03)
-0.03 (-0.10 to 0.05)
-0.02 (-0.10 to 0.06)
-0.07 (-0.15 to 0.02)

0.01 (-0.06 to 0.09)
-0.02 (-0.09 to 0.05)
-0.02 (-0.09 to 0.05)
0.02 (-0.05 to 0.10)

0.02 (-0.06 to 0.10)
-0.03 (-0.10 to 0.05)
-0.02 (-0.10 to 0.05)
0.04 (-0.04 to 0.12)

Rotation about sagittal axis (°)

3 months 0.02 (-0.08 t0 0.12)
1year -0.02 (-0.12 to 0.08)
2 years -0.04 (-0.14 to 0.06)
5 years -0.08 (-0.19 to 0.02)

0.03 (-0.07 to 0.13)
-0.04 (-0.14 to 0.06)
-0.04 (-0.14 to 0.07)
-0.04 (-0.16 to 0.07)

0.13 (0.04 to 0.10)
0.11 (0.01 to 0.20)
0.11 (0.02 to 0.21)
0.04 (-0.06 t0 0.14)

0.12 (0.02 to 0.23)
0.11 (0.01 to 0.21)
0.12 (0.02 to 0.23)
0.05 (-0.05 to 0.16)
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Figure 3. Figure showing the RSA examination with the greatest difference in MTPM between the consistent
versus all-marker method (a). The PE markers are shown from (b) superiorly and (c) anteriorly. Markers in
red represent markers from the baseline image and green markers represent the markers from the specific
follow-up examination. The difference in MTPM is cause by the medio-posterior marker (arrow), which is the
marker that moved the most. In the consistent-marker method, this specific marker is not used for the
migration calculation, because in another RSA examination of the same patients this marker was
overprojected. As a result, the MTPM with the all-marker method is higher than with the consistent-marker

method. A = anterior, P = posterior, M = medial, L = lateral.

Figure 5. Figure showing the different set of makers of the migrating rigid body (prosthesis) in the reference

RSA examination, as used for the migration calculations with (a) the consistent-marker method and (b) the
all-marker method. The reference origin (geometrical center) for the migrating coordinate system that is used
with the consistent-marker method (yellow point) differs from the reference origin that is used with the all-

marker method (blue point).

110



Influence of marker-selection method in RSA of TKA on tibial baseplate migration patterns

Chapter 5






o

\

Chapter 6

Adherence to the RSA and CT-RSA guideline items
in clinical prosthesis migration studies:
A systematic review

TJ.N. van der Lelijj

L.A. Koster

B.L. Kaptein

R.G.H.H. Nelissen

PJ. Marang-van de Mheen

Acta Orthopaedica
2025 May 27;96:380-386



Abstract

Background and purpose

Standardized reporting on methodology and results in clinical RSA research papers
facilitates evaluation of quality and interpretation of results. We aimed to assess the extent
to which radiostereometric analysis (RSA) and computed tomography-based RSA (CTRSA)
studies adhered to the items of the new RSA reporting guideline from 2024.

Methods

A systematic literature search was performed to identify all clinical RSA studies published
between January 2012 and February 2024. Studies were eligible for inclusion if prosthesis
migration over time was assessed. The adherence of studies to each applicable guideline

item (full, partial, or no) was assessed.

Results

285 studies were included, most of which assessed prosthesis migration in the hip (n=161)
or knee (n = 99). No study reported on all guideline items. The mean (full or partial)
adherence of studies to all (applicable) items was 61% (standard deviation [SD] 11). Large
variation between the reporting of items was found, ranging from being reported in 1% of
the studies to 100%. The least reported items in studies were the mean number and SD of
days between surgery and baseline RSA examination (8% of studies), mean number and SD
of days between surgery and primary endpoint RSA examination (1%), and consistent- or
all-marker method for RSA analysis (3%).

Conclusion

Current studies on average reported only 61% of the items from the updated RSA guideli-
nes. Adherence to the guidelines in clinical RSA studies on prosthesis migration should be
improved, in order to improve the quality of studies and the interpretation of outcomes on

implant migration.



Adherence to the RSA and CT-RSA guideline items in clinical prosthesis migration studies

Introduction

The reporting quality of radiostereometric analysis (RSA) studies has greatly improved after
publication of the first RSA guidelines (1, 2). The guideline for standardization (2005) and
the ISO standard for RSA (ISO 16087:2013) aimed to facilitate consistency in the execution,
presentation, and interpretation of RSA studies (1). High reporting quality is a prerequisite
for assessing methodological quality of a study. It has been shown that the proportion of RSA
studies with high reporting quality increased almost 3-fold in the period 2006 to 2011
compared with the period before the 2005 guideline (2, 3). Still, the overall adherence of
clinical studies to guideline items remained relatively low (2).

Recently, updated guidelines for RSA and computed tomography RSA (CT-RSA) studies
were published by a group of RSA researchers from the International Radiostereometry
Society (4). As migration assessment methods have been further developed and introduced
in the past decade, there was a need to update the guidelines to make them better aligned
with current standards (4-6). A new reporting checklist with 32 items was presented to
serve as a reference for prosthesis migration studies (Table 1) (4). 10 items were already
(partially) listed in standardized output for clinical RSA studies in the previous RSA
guidelines (Table 2, Appendix) (1). The other 22 items, not previously included in the
standardized output, are expected to be used in different RSA studies since the updated
guidelines reflect the current RSA reporting standard by experts in the field.

The aim of this study was to assess to what extent RSA studies on prosthesis
migration adhered to items presented in the updated RSA guidelines. Examining adherence
and particularly those items frequently not reported may encourage researchers of future
studies to improve the reporting quality of RSA studies and thereby their clinical value in the

safe introduction of new implants.
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Table 1. Checklist items for prosthesis migration studies as presented in the updated RSA and CT-RSA
guidelines (adapted from Kaptein et al. 2024).

Checklist item Studies where item
was applicable (n)

Title and abstract

1. Identification as a radiostereometric (RSA) study or CT-based 285
radiostereometric (CT-RSA) study in the title.
2. ldentification as a radiostereometric (RSA) study or CT-based 285
radiostereometric (CT-RSA) study in the abstract and keywords.
Methods
3. Report papers/references where prior results or partial results can 285

be found (e.g., the 2-year results have been published previously
reported [REF]).

4.  Firstand last inclusion (e.g., March 1998-December 2000). 285
5.  Country and hospital(s) where surgeries were performed. 285
6.  Number of surgeons (and number of surgeries per surgeon) that 285
performed the surgeries.
7.  Detailed description of prosthesis, cement/coating, and liner 285
characteristics for each study group.
8.  Report whether the first postoperative examination was obtained 285
before or after weightbearing.
9. Mean number and SD of days between surgery and the baseline RSA 285
examination.
10. Mean number and SD of days between surgery and the primary 285
endpoint RSA examination.
11. Migration measurement method (marker-based RSA, model-based 285
RSA, CT-RSA).
12. Patient position (supine, weightbearing). 285
13. Software used, including version number. 285
14. Location and orientation of the migration coordinate system. 285
15. Use of fictive /feature points to calculate MTPM. 150
Marker-/model-based RSA technique
16. Image resolution (DPI) and type (CR, DR, film) of X-ray detectors. 283
17. Material and size of markers. 283
18. Calibration cage used, including type (uniplanar, bi-planar). 283
19. Cut-off values for condition number and mean error of rigid body 283
fitting.
20. Consistent- or all-marker method for RSA analysis. 283
CT-RSA technique
21. CT-scanner brand and model. 5
22. Voxel size, slice thickness, kV, mAs. 5
23. Was metal artifact reduction used. 5
24. Effective radiation dose in mSV (for hip, spine, shoulder). 5
Results
25. Number of migration examinations for each study group and follow- 285
up timepoint used in the primary analysis.
26. Number and reasons why migration examinations (including double 285
examinations) where missing or excluded; may also be reported in
the methods.
27. All migration data should be presented in millimeters (translations) 285
and degrees (rotations).
28. Double examinations: mean, SD, and n for all outcome variables in 285

the study (including 3 translations, 3 rotations, MTPM, TT, and TR if
relevant) should be presented in a table for each study group
separately.
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29. Mean and SD of number of markers, condition number, and mean 285
error of rigid-body fitting for each rigid body (bone/prosthesis) at
the primary follow-up timepoint.
30. Unmodelled (raw data) of translation, rotation, and MTPM results: 285
mean, n, and one of the following [CI, SD], or median and
interquartile range for non-normal data for each study group and
follow-up timepoint should be presented in a table or figure or both.
If this table or figure does not fit in the manuscript, then it should be
placed in supplementary data, or at least be available upon request.

31. Number of prosthesis revision/failures in each treatment group, 285
including reason (e.g, revision due to aseptic loosening).
32. Migration values at the last follow-up before revision or failure. 176
Methods

The present systematic review is reported in accordance with the Preferred Reporting Items

for Systematic Reviews and Meta-Analyses (PRISMA) statement (see Supplementary Data)
(7).

Search, screening, and selection

A systematic literature search was constructed by an experienced clinical librarian (JS).
PubMed, Cochrane Library, Embase, Emcare, Academic Search Premier, and Web of Science
were searched to identify all publications published between January 2012 and February
2024, as Madanat et al. (2) have already assessed adherence among studies published up to
December 2011. The search was composed of the components “RSA” and “Prosthesis” (see
Supplementary data). No term for specific joints (e.g. hip, knee, or shoulder) was added, as
the guidelines are not specific for the type of joint or prosthesis assessed in the studies. After
removal of duplicate studies, title and abstract screening was performed independently by
2 reviewers (TJNvdL and LAK). Subsequently, the full-text screening was independently
performed by the same 2 reviewers and any disagreements were resolved through
discussion.

Studies were eligible for inclusion if prosthesis migration relative to its surrounding
bone was assessed in humans in vivo over time using RSA. There were no restrictions with
regard to the RSA method used (marker-based RSA, model-based RSA, CT-RSA), study design
(RCT, cohort study, case series), sample size, or follow-up time. Articles in English, Dutch,
German, and French were considered and translated if necessary. Studies were excluded if

only wear (of the polyethylene components) or inducible displacement (i.e., displacement
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occurring instantaneously as a result of an external load such as weightbearing) was

assessed.

Data extraction

Data were extracted, independently, by 2 reviewers (TJNvdL and LAK) using a prespecified
SPSS file (IBM SPSS Statistics 29.0; IBM Corp). For each study, the first author’s name, title,
year of publication, journal, country in which the study was performed, study design,
number of included patients, type of arthroplasty, type of RSA method, and duration of
follow-up were extracted. We assessed if prosthesis migration was the primary or secondary
outcome of the study. Additionally, it was determined whether original migration data were
presented or whether a reanalysis of previously published migration data was performed.
Both reviewers evaluated each study for their adherence to the reporting checklist as
presented in the updated RSA guidelines. Only applicable items were evaluated for each
study. For example, a study using marker-based or model-based RSA does not need to adhere
to items 21 to 24, as these are only relevant for CT-RSA studies (Table 1). Also, when no
maximum total point motion (MTPM) is calculated, a study will not report whether
fictive/feature points are used (item 15). If there were no revisions in a study, migration
values at the last follow-up before revision can also not be given (item 32). 21 items could
be scored as full, partial (reporting at least 1 issue/sub-item), or no adherence. 11 items
could only be scored as full or no adherence. Consensus was reached between the reviewers
through discussion if different information was extracted or in case of disagreement in

scoring items.

Ethics, registration, data sharing, funding, and disclosure

No ethical approval was required for this study as the data was retrieved from previously
published studies. A protocol for this systematic review was registered with PROSPERO
prior to screening of studies (ID:CRD42024540186). No funding was acquired for the

present review and the authors declare no competing interest.
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Results

Literature search and study selection

Our literature search identified 2,257 unique records that were screened for eligibility

(Figure 1). After title and abstract screening, 1,859 studies were excluded. Following the

exclusion of 108 studies based on the full text and 5 reports that could not be retrieved, 285

eligible studies were included (see Supplementary data).

[

Identification of studies via databases

Records removed before screening:
Duplicate records removed
(n = 4,547)

Records excluded
(n =1,859)

\ 4

Reports not retrieved
(n=5)

)
Records identified from:
5 PubMed (n=1,759)
'§ Web of Science (n = 1,440)
E Cochrane Library (n =388)
E Embase (n=1,630)
° Emcare (n =949)
Academic Search Premier (n = 638)
—
) A 4
Records screened
(n =2,257)
¥
Reports sought for retrieval
2 (n =398)
=
8
O
]
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(n=393)
—
\ 4
H
S Studies included in review
E (n = 285)

Figure 1. PRISMA flow diagram

Reports excluded:
No implant migration (n=81)
No arthroplasty (n=2)
Non-clinical study (n=17)
Systematic review (n=1)
Miscellaneous (n=7)
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Characteristics of included studies

The majority (n = 194) of the studies was performed in Denmark, Finland, The Netherlands,
Norway, and Sweden (Table 3). Most studies were published in Acta Orthopaedica (n = 77),
The Bone & Joint Journal (n = 53), and The Journal of Arthroplasty (n = 28). The annual
number of published RSA studies showed an increasing trend in the last decade after a slight

drop in 2013 (Figure 2).

Number of studies
I~
(===

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Figure 2. The annual number of clinical RSA studies on prosthesis migration.

Prosthesis migration over time was the primary outcome of 244 studies, compared with 41
studies that assessed migration as a secondary outcome. 260 studies presented original
clinical migration data, whereas 25 studies performed a reanalysis of previously published
implant migration data. 149 randomized controlled trials (RCTs), 135 cohort studies or case
series, and 1 case report were included. Model-based RSA was applied in most studies (n =
158), followed by marker-based RSA (n = 128) (Table 3). The median sample size was 47
patients (interquartile range [IQR] 29 to 61) with a median follow-up time of 2 years (IQR 2
to 5). Various prosthesis components were assessed, including tibial (n = 96) and femoral (n
=17) components in the knee, and acetabular (n = 60) and femoral (n = 106) components in
the hip (Table 4).
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Table 3. Characteristics of all clinical RSA studies on prosthesis migration published between 2012 and 2024.

Number of studies

Country of study
NOF countries * 194
Rest of Europe ** 29
Northen America 44
Australia 18
Journal of publication
Acta Orthopaedica 77
The Bone & Joint Journal 53
The Journal of Arthroplasty 28
The Journal of Bone & Joint Surgery 16
Knee Surgery, Sports Traumatology, Arthroscopy 10
Hip International 22
Other 79
Type of RSA method used ***
Marker-based RSA 128
Model-based RSA 158
CT-based RSA 5
Non-specified 9

NOF = Nordic European Federation.

* Denmark, Finland, The Netherlands, Norway, and Sweden.
** Croatia, Germany, Italy, United Kingdom, and Switzerland.
*** Some studies applied 2 RSA methods.

Table 4. Prosthesis components of which migration was assessed in clinical RSA studies.

Number of studies

Knee

Tibial component 96

Femoral component 17
Hip

Acetabular component 60

Femoral component 106
Ankle/foot

Tibial component (Talocrural joint) 1

Talar component (Talocrural joint) 1

Proximal Phalanx Component (MTP-1 joint) 1
Shoulder

Glenoid component 9

Humeral component 7
Elbow

Humeral component 2
Wrist/hand

Radial component (Radiocarpal joint) 1

Carpal component (Radiocarpal joint) 1

Trapezoid component (CMC-1 joint) 3
Spine

Superior vertebral component (Cervical spine) 1

Inferior vertebral component (Cervical spine) 1

The total number of studies presented in this table exceeds 285, as some studies assessed the migration of

multiple prosthesis components.
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Adherence of studies to updated RSA guidelines

None of the studies reported all items from the updated RSA guidelines. Studies adhered (full
or partial) to a mean of 61% (standard deviation [SD] 11%) of all applicable guideline items
(Figure 3). The study with the highest adherence reported 92% of all applicable items (full
or partial). The study with the lowest adherence reported only 22% of the applicable items.
51 studies reported 50% or less of the guideline items. When considering only full adherence
(no partial) to the checklist items, the study with the greatest adherence completely
reported 65% of all applicable items. The study with the lowest adherence only fully adhered
to 1 item of the guideline (4%).

60
50
40

30

Number of studies

20

10

0 20 40 60 80 100

Adherence (full or partial) to all applicable guideline items (%0)

Figure 3. Adherence of RSA studies to the guidelines items (when items were applicable).

The items most frequently reported (fully or partially) were items 2 (ie,
identification RSA in abstract and keywords, reported by 100% of studies for which it was
applicable), 7 (i.e., description prosthesis; 99% of studies for which it was applicable), 11
(RSA method; 93% of studies for which it was applicable), 24 (CT-scanner brand and model;
100% of studies for which it was applicable), and 27 (migration data in millimeters and
degrees; 99% of studies for which it was applicable) (Figure 4). Still, a considerable number
of studies did not fully adhere to these items but only partially. For example, most studies

reported the type of prosthesis used but without a detailed description of all components
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(e.g. liner characteristics, such as highly cross-linked polyethylene or vitamin E infused)
(item 7). Also, most studies could not fully adhere to item 2 (identification RSA in abstract

and keywords), as some journals do not present keywords in the full text paper.

Percentage of studies (%)
g g2 & 2 2 2 8 g8 =8

S

0

‘Illlll\l|||ll| |||||I“|I‘ ||
1 2 3 4 5 6 7

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Checklist item
# Full adherence Partial adherence ® No adherence

Figure 4. Adherence of RSA studies to the guidelines items (when items were applicable).

Items 9 (i.e., days to baseline RSA), 10 (i.e., days to primary endpoint RSA), and 20
(i.e., consistent-or all-marker method) were only reported (fully or partially) in, respectively,
8%, 1%, and 3% of the studies. There was one item (item 29; markers, condition number,
and mean error) that no study fully adhered to (Figure 4). To fully adhere to item 29, the
mean and SD of both the number of markers, condition number, and mean error of rigid-

body fitting for each rigid body (bone/prosthesis) at the primary follow-up timepoints needs
to be reported.

Discussion

We aimed to assess the extent to which RSA and CT-RSA studies adhered to the items of the
new RSA reporting guideline from 2024. During the last decade, RSA studies on prosthesis
migration reported only 61% of the recently published RSA guideline checklist items.
Moreover, large variation between studies existed and some items were rarely reported. The
present review provides an overview of current practice and offers directions on where the

reporting quality of RSA can be improved. Although all studies were published before
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publication of the new guideline (May 2024), the guidelines can be considered to reflect the
current reporting standard in the field of RSA, based on the opinion of expert swho may also
have acted as reviewers for RSA studies and thereby signaled missing information, so we
may expect that studies included in this review would adhere to (most of) the items.
Moreover, the items presented in the RSA guideline should be viewed as a minimum and
authors are encouraged to provide additional information when deemed necessary (4).

Nevertheless, not all guideline items can be applied in every study; however, this is
not always clear for specific items. For example, when a study does not report where prior
or partial results can be found (item 3), the reader may be left uncertain as to whether such
results do not exist or whether the authors simply failed to report their location. To enhance
the utility and practical implantation of the RSA guideline in future clinical studies, we
propose some clarifications of the RSA guideline checklist (Table 5). In this respect, item 32
states that migration values at the last follow-up before revision or failure need to be
reported, but does not specify whether this should be the mean migration of the revised
implants or the complete study group or individual implant migration of the revised
implants. For clarity, mean migration of the revised and non-revised group as well as
individual implant migration of revised implants should be given. As for the last 2 checklist
items (31 and 32), the definition of “failure” of a prosthesis is ambiguous and may differ
between studies. Thus, a clear definition of “failure” should be given in the text. As for item
29, which is only relevant when marker- or model-based RSA is used, this should be part of
the “methods RSA technique” section (see Tables 1 and 5)

Item 25 states that the number of migration examinations for each study group and
follow-up timepoint used in the primary analysis should be presented. However, in clinical
RSA studies it is often unclear what constitutes the “primary analysis.” In the context of
clinical trials, the primary analysis refers to the analysis prespecified in the protocol that will
answer the main research question, mostly using an intention-to-treat approach, whilst a
secondary analysis can use an as-treated approach. When the migration up to 2-year follow-
up is reported as the primary outcome, this means that the migration results of all previous
follow-up moments are also included in the analysis and therefore that it holds merit to
report the included examinations at all timepoints included in the analysis. Using a complete
study flow diagram would solve this problem by showing both the number of patients and

included examinations for each group at all different follow-up timepoints. Such a flow
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diagram can also be used to adequately report the number of and reason why migration

examinations were missing (item 26).

Table 5. Proposal for updated checklist for prosthesis migration studies.

Checklist item

Title and abstract

- Identification as a radiostereometric (RSA) study or CT-based radiostereometric (CT-RSA) study in
the title.

- Identification as a radiostereometric (RSA) study or CT-based radiostereometric (CT-RSA) study in
the abstract (and keywords if available).

Methods

- Report papers/references where prior results or partial results can be found (e.g., the 2-year results
have been published previously reported [REF]) (if applicable).

- First and last inelusion date of surgery of included patients (e.g.,, March 1998-December 2000).

- Country and hospital(s) where surgeries were performed.

- Number of surgeons (and number of surgeries per surgeon in each study group) that performed
the surgeries.

- Detailed description of all components of the prosthesis, including cement/coating, and liner
characteristics for each study group.

- Report whether the first postoperative examination was obtained before or after weightbearing
(for joints of the lower extremities or spine).

- Mean number and SD, or median and IQR, of days, weeks, months, or years between surgery and
the baseline RSA examination.

- Mean number and SD, or median and IQR, of days between surgery and the primary endpoint RSA
examination.

- Migration measurement method (marker-based RSA, model-based RSA, CT-RSA).

- Patient position (supine, weightbearing) during all follow-up examinations.

- Software used, including version number.

- Location and orientation of the migration coordinate system.

- Use of fictive /feature points to calculate MTPM (if applicable).

Marker-/model-based RSA technique

- Image resolution (DPI) and type (CR, DR, film) of X-ray detectors.

- Material and size of markers.

- Calibration cage used, including type (uniplanar, bi-planar).

- Cut-off values for condition number and mean error of rigid body fitting.

- Mean and SD of number of markers, condition number, and mean error of rigid-body fitting
for each rigid body (bone/prosthesis) at the primary follow-up timepoint.

- Consistent- or all-marker method for RSA analysis.

CT-RSA technique

- CT-scanner brand and model.

- Voxel size, slice thickness, kV, mAs.

- Was metal artifact reduction used.

- Effective radiation dose in mSV (for hip, spine, shoulder).

Results

- Number of migration examinations for each study group and follow-up timepoint used in the
primary analysis.

- Number and reasons why migration examinations (including double examinations) where missing
or excluded at each timepoint for each study group; may also be reported in the methods.

- All migration data should be presented in millimeters (translations) and degrees (rotations).

- Double examinations: mean, SD, and n for all outcome variables in the study (including 3
translations, 3 rotations, MTPM, TT, and TR if relevant) should be presented in a table for each
study group separately.
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Unmodelled (raw data) of translation, rotation, and MTPM results: mean, n, and one of the following
[CI, SD], or median and interquartile range for non-normal data for each study group and all follow-
up timepoint should be presented in a table or figure or both. If this table or figure does not fit in
the manuscript, then it should be placed in supplementary data, or at least be available upon
request.

Number of prosthesis revision/failures-in each treatment group, including reason (e.g., revision due
to aseptic loosening).

If revisions occurred, provide migration values at the last follow-up before revision er-failure for
each revised prosthesis individually.

Proposed changes to the checklist are in bold (addition) or as strikethrough (removal)

An explanation for the moderate adherence of clinical RSA studies to the checklist
items could be the strict formulation and interpretation of listed items. For example, 2 of the
least reported items (9 and 10) state that the mean and SD of days between surgery and both
baseline RSA examination and primary RSA endpoint need to be reported. Some studies
provided the median and IQR as alternative measures of the variation, which provides
relevant information on the distribution, and are preferred for data with a non-normal
distribution (see Figure 4).

Authors may miss some of the recommendations that were described in the text of
the guideline paper if they focus only on the checklist of the new RSA guideline. For example,
in the text of the updated guidelines it is described that a consistent set of fictive points to
report MTPM is advised for marker-based RSA and CT-RSA, but not for model-based RSA
(even though the reason for this remains unclear considering the fact that both CT-RSA and
model-based RSA use prosthesis models with a large number of points on the outer surface).
However, the reporting checklist does not restrict the use of fictive/feature points to
calculate MTPM to specific RSA methods. According to the checklist, all studies should report
the use of fictive/feature points to calculate MTPM, regardless of RSA method, which may
explain the relatively low adherence to item 15. As for item 30, the checklist states that
unmodelled (raw) data of translation, rotation, and MTPM results should be presented.
However, in the text of the guidelines it is advised to use suitable statistical analysis
techniques such as (generalized) linear mixed models (LMM) to analyze the results. When
only unmodeled data has to be presented, this may give biased mean results for each study
group as missing data and correlations between measurements of the same patients are not
accounted for.

The least reported item was the use of the consistent- or all-marker method (item
20). A recent paper drew attention to the issue of different marker-selection methods and

their influence on migration results, so that reporting of this item may improve in future
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studies (8). Finally, although the migration measurement method (item 11) was frequently
reported in studies, we wish to draw attention to some of the implicit assumptions being
made (see Figure 4). If a study merely describes that markers were attached to the
prosthesis, this does not automatically indicate that marker-based RSA was used for the
migration analysis, as it is still possible to perform migration analysis with model-based RSA.
Furthermore, the name of the software “Model-Based RSA (RSAcore, Leiden, The
Netherlands)” may be confusing for readers not familiar with RSA, as both marker- and
model-based RSA analysis can be performed with this software. Therefore, the RSA method
used for analysis should be explicitly reported.

Madanat et al. (2) previously reported that nearly half of the studies published
between 2006 and 2011 adhered at least partially to 10 of the 13 old RSA guideline items
published in 2005, whereas this was less than one-fifth of the studies published between
2000 and 2005. Therefore, it might be expected that adherence to the updated guideline
items will also increase following publication of the new guideline in 2024. However,
Madanat et al. (2) also found that even after publication of the old RSA guidelines in 2005,
none of the studies fully met all guideline items. The latter underlines the importance of the
present review, as we highlight topics that are frequently missing to promote their reporting

in future studies.

Limitations

First, we searched only for clinical studies using RSA to assess implant migration. However,
studies using other methods to assess implant migration exist, such as Ein Bild Roentgen
Analysis (EBRA) and CT-based implant migration analysis without the term RSA, which may
have been missed by our literature search (9-11). For implant migration studies that do not
include the term RSA, we expect that these authors are not aware of the RSA method and
guidelines. Second, we assessed the reporting quality of studies performed between 2012
and 2024, before publication of the updated RSA guidelines in 2024. However, as the updated
RSA guidelines represent current practice, we expected the papers to generally adhere to the
items. Third, follow-up studies may reference papers with prior results, which may give a
more detailed description of the methods, but items from these previous studies were not
accounted for in the evaluation of the follow-up studies. However, in the opening remarks of

the updated RSA guideline it is stated that deviations from these guidelines should have the
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underlying rationale stated. This provides researchers with the flexibility to not report all

items and assists in the practical implementation of the updated guidelines.

Conclusion

Clinical RSA studies on prosthesis migration on average reported only 61% of the items
presented in the recently published RSA guidelines. In perspective, our results can be used
by RSA researchers and clinicians to guide interpretation of items and highlight the
importance of complete reporting to improve the reporting quality for future studies.
Furthermore, we argue that rewording of specific checklist items may also contribute to
increased adherence of clinical RSA studies to the updated RSA guidelines. Further, we urge
the reviewers of RSA manuscripts to ask for the reporting checklist and that this should be

available as supplementary material as for any other reporting guideline.
Acknowledgements

The authors would like to thank Jan Schoones (]S), clinical librarian, for his help with

performing the literature search.

128



Adherence to the RSA and CT-RSA guideline items in clinical prosthesis migration studies

Appendix

Table 2. Standardized output for clinical RSA studies from the old RSA guidelines.

Adapted from: Valstar et al. Guidelines for standardization of radiostereometry (RSA) of implants. Acta
Orthopaedica. 2005;76(4):563-572.

1.  The units used for translation should always be millimetres and the units used for rotations
should be degrees.

2. The accuracy and precision of the arrangement used should be presented. Measurement
interval and window tolerance should be quoted.

3.  Type of calibration cage (object) and use of reference plates should be given.

4. It should be stated whether fixed or portable X-ray sources were used.

5. Positioning of subject, calibration cage (object), X-ray tubes and X-ray cassettes should be
standardized or described in detail. Orientation of the global coordinate system should be
presented.

6.  Method of image acquisition should be stated, e.g. whether scanned (then scanner details
should to be given) or whether digital radiographs have been used (then system details should
be given).

7.  Software used should be stated, and if appropriate which version.

8.  Size of marker beads used should be given (and validation results should be reported for the
sizes used in the study).

9.  The method of determining the position of the implant, whether based on attached beads,
geometrically or model-based should be stated. If appropriate, reference to any new/novel
technique should be given.

10. The following should be stated: cut-off level for condition number and rigid body fitting error
for exclusion of subjects from study.

11. Rigid body fixed coordinate frames and angular rotation sequence should be defined.

12. The precision of the measurements assessed by double examinations of all patients enrolled in
the study should be stated.

13. Migration/motion data should be given in terms of translations and angular rotations. All 6

degrees of freedom should be reported. If not, these data should be available from the authors
on request. The point(s) used to measure translations should be indicated (either a single
point of a rigid body or the center of gravity of a rigid body), standardized, and its (their)
location(s) on the implant (or in the bone) should always be presented.
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Supplementary data

I. PRISMA Checklist

From: Page M], McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020
statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71.

Section and Item Checklistitem Location where
Topic # item is reported
(Page #)
Title
Title 1 Identify the report as a systematic review 113
Abstract
Abstract 2 See the PRISMA 2020 for Abstract checklist 114
Introduction
Rationale 3 Describe the rationale for the review in the context of 115
existing knowledge.
Objectives 4 Provide an explicit statement of the objective(s) or 115
question(s) the review addresses.
Methods
Eligibility 5 Specify the inclusion and exclusion criteria for the review 115,116
criteria and how studies were grouped for the syntheses.
Information 6 Specify all databases, registers, websites, organisations, 116
sources reference lists and other sources searched or consulted to
identify studies. Specify the date when each source was
last searched or consulted.
Search 7 Present the full search strategies for all databases, Supplement
strategy registers and websites, including any filters and limits
used.
Selection 8 Specify the methods used to decide whether a study met 117,118
process the inclusion criteria of the review, including how many
reviewers screened each record and each report
retrieved, whether they worked independently, and if
applicable, details of automation tools used in the process.
Data 9 Specify the methods used to collect data from reports, 118
collection including how many reviewers collected data from each
process report, whether they worked independently, any
processes for obtaining or confirming data from study
investigators, and if applicable, details of automation tools
used in the process.
Data items 10a List and define all outcomes for which data were sought. 118
Specify whether all results that were compatible with
each outcome domain in each study were sought (e.g. for
all measures, time points, analyses), and if not, the
methods used to decide which results to collect.
10b List and define all other variables for which data were 118
sought (e.g. participant and intervention characteristics,
funding sources). Describe any assumptions made about
any missing or unclear information.
Study risk of 11 Specify the methods used to assess risk of bias in the N.a.
bias included studies, including details of the tool(s) used, how
assessment many reviewers assessed each study and whether they
worked independently, and if applicable, details of
automation tools used in the process.
Effect 12 Specify for each outcome the effect measure(s) (e.g. risk N.a.
measures ratio, mean difference) used in the synthesis or

presentation of results.
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Synthesis
methods

13a

Describe the processes used to decide which studies were
eligible for each synthesis (e.g. tabulating the study
intervention characteristics and comparing against the
planned groups for each synthesis (item #5)).

N.a.

13b

Describe any methods required to prepare the data for
presentation or synthesis, such as handling of missing
summary statistics, or data conversions.

13c

Describe any methods used to tabulate or visually display
results of individual studies and syntheses.

13d

Describe any methods used to synthesize results and
provide a rationale for the choice(s). If meta-analysis was
performed, describe the model(s), method(s) to identify
the presence and extent of statistical heterogeneity, and
software package(s) used.

13e

Describe any methods used to explore possible causes of
heterogeneity among study results (e.g. subgroup
analysis, meta-regression).

13f

Describe any sensitivity analyses conducted to assess
robustness of the synthesized results.

Reporting bias
assessment

14

Describe any methods used to assess risk of bias due to
missing results in a synthesis (arising from reporting
biases).

Certainty
assessment

15

Describe any methods used to assess certainty (or
confidence) in the body of evidence for an outcome.

N.a.

Study
selection

16a

Describe the results of the search and selection process,
from the number of records identified in the search to the
number of studies included in the review, ideally using a
flow diagram.
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16b

Cite studies that might appear to meet the inclusion
criteria, but which were excluded, and explain why they
were excluded.

Study
characteristics

17

Cite each included study and present its characteristics.

Supplement

Risk of bias in
studies

18

Present assessments of risk of bias for each included
study.

N.a.

Results of
individual
studies

19

For all outcomes, present, for each study: (a) summary
statistics for each group (where appropriate) and (b) an
effect estimate and its precision (e.g. confidence/credible
interval), ideally using structured tables or plots.
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Results of
syntheses

20a

For each synthesis, briefly summarise the characteristics
and risk of bias among contributing studies.

20b

Present results of all statistical syntheses conducted. If
meta-analysis was done, present for each the summary
estimate and its precision (e.g. confidence/credible
interval) and measures of statistical heterogeneity. If
comparing groups, describe the direction of the effect.

20c

Present results of all investigations of possible causes of
heterogeneity among study results.

20d

Present results of all sensitivity analyses conducted to
assess the robustness of the synthesized results.

Reporting
biases

21

Present assessments of risk of bias due to missing results
(arising from reporting biases) for each synthesis
assessed.

Certainty of
evidence

22

Present assessments of certainty (or confidence) in the
body of evidence for each outcome assessed.
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Discussion
23a Provide a general interpretation of the results in the 123-127
context of other evidence.
23b Discuss any limitations of the evidence included in the 123-127
review.
23c Discuss any limitations of the review processes used. 123-127
23d Discuss implications of the results for practice, policy,and  123-127
future research.
Other
information
Registration 24a Provide registration information for the review, including 118
and protocol register name and registration number, or state that the
review was not registered.
24b Indicate where the review protocol can be accessed, or 118
state that a protocol was not prepared.
24c Describe and explain any amendments to information 118
provided at registration or in the protocol.
Support 25 Describe sources of financial or non-financial support for 118
the review, and the role of the funders or sponsors in the
review.
Competing 26 Declare any competing interests of review authors. 118
interests
Availability of 27 Report which of the following are publicly available and N.a.
data, code and where they can be found: template data collection forms;
other data extracted from included studies; data used for all
materials analyses; analytic code; any other materials used in the

review.
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II. Search strategy

PubMed

(("Radiostereometric Analysis"[Mesh] OR "Photogrammetry”[mesh] OR "RSA"[tiab] OR "Radiostereometric
Analysis"[tw] OR "Radiostereometry"[tw] OR "Radiostereometric"[tw] OR "Radiostereometr*'[tw] OR
"Radio stereometry"[tw] OR "Radio stereometr*"[tw] OR "roentgen stereophotogrammetric analysis"[tw] OR
"Stereophotogrammetry”[tw] OR "Stereophotogrammetric”[tw] OR "Stereophotogrammetr*"[tw] OR "Stereo
photogrammetry”[tw] OR "Stereo photogrammetric"[tw] OR "Stereo photogrammetr*"[tw] OR "Rontgen
Stereophotogrammetr*"[tw] OR "Roentgen Stereometry’[tw] OR "Roentgen Stereometr*"[tw] OR
"Photofluorography”[tw] OR "roentgen fluoroscopic"[tw] OR "roentgen fluoroscopy”[tw] OR "roentgen
fluoroscop*'[tw]) AND ("Arthroplasty, replacement”"[Mesh] OR "Joint Prosthesis"[Mesh] OR
"Arthroplast*"[tw] OR "Hemiarthroplast*'[tw] OR "Hemi-arthroplast*'[tw] OR "Prosthesis"[tw] OR
"Prostheses"[tw] OR "endoprosthesis"[tw] OR "endoprostheses'[tw] OR "Replacement"[tw] OR
"reconstruction”[tw] OR "resurfacing"[tw] OR "resurfaced"[tw] OR "Implant”[tw] OR "Implants"[tw]) AND
("2012/01/01"[PDAT] : "3000/12/31"[PDAT]))

Embase

((exp *"Radiostereometric Analysis”/ OR exp *"Photogrammetry”/ OR "RSA".ti,ab OR "Radiostereometric
Analysis".tiab OR "Radiostereometry”.ti,ab OR "Radiostereometric".tiab OR "Radiostereometr*".tiab OR
"Radio stereometry".ti,ab OR "Radio stereometr*".ti,ab OR "roentgen stereophotogrammetric analysis".ti,ab
OR "Stereophotogrammetry".tiab OR "Stereophotogrammetric".tiab OR "Stereophotogrammetr*".ti,ab OR
"Stereo photogrammetry”.tiab OR "Stereo photogrammetric".tiab OR "Stereo photogrammetr*".ti,ab OR
"Rontgen Stereophotogrammetr*".ti,ab OR "Roentgen Stereometry".ti,ab OR "Roentgen Stereometr*".ti,ab OR
"Photofluorography".tiab OR "roentgen fluoroscopic".tiab OR "roentgen fluoroscopy".tiab OR "roentgen
fluoroscop*".ti,ab) AND (exp *"orthopedic prostheses, orthoses and implants”/ OR exp *"Arthroplasty”/ OR
"Arthroplast*".tiab OR "Hemiarthroplast*".tiab OR "Hemi-arthroplast*".tiab OR "Prosthesis".tiab OR
"Prostheses".tiab OR "endoprosthesis".tiab OR "endoprostheses".tiab OR "Replacement"tiab OR
"reconstruction”.ti,ab OR "resurfacing".ti,ab OR "resurfaced".ti,ab OR "Implant".ti,ab OR "Implants".ti,ab) AND
2012:2024.(sa_year) NOT (conference review or conference abstract).pt)

Web of Science

((TI=("Radiostereometric Analysis” OR "Photogrammetry” OR "RSA" OR "Radiostereometric Analysis” OR
"Radiostereometry” OR "Radiostereometric” OR "Radiostereometr*" OR "Radio stereometry” OR "Radio
stereometr*” OR '"roentgen stereophotogrammetric analysis” OR "Stereophotogrammetry” OR
"Stereophotogrammetric” OR "Stereophotogrammetr*” OR "Stereo photogrammetry” OR "Stereo
photogrammetric” OR "Stereo photogrammetr*" OR "Rontgen Stereophotogrammetr*" OR "Roentgen
Stereometry"” OR "Roentgen Stereometr*" OR "Photofluorography” OR "roentgen fluoroscopic” OR "roentgen
fluoroscopy” OR "roentgen fluoroscop*") OR AK=("Radiostereometric Analysis" OR "Photogrammetry” OR
"RSA" OR "Radiostereometric Analysis" OR "Radiostereometry” OR "Radiostereometric" OR
"Radiostereometr*" OR "Radio stereometry” OR "Radio stereometr*" OR "roentgen stereophotogrammetric
analysis" OR "Stereophotogrammetry” OR "Stereophotogrammetric” OR "Stereophotogrammetr*" OR "Stereo
photogrammetry” OR "Stereo photogrammetric" OR "Stereo photogrammetr*" OR "Rontgen
Stereophotogrammetr*" OR "Roentgen Stereometry” OR "Roentgen Stereometr*" OR "Photofluorography” OR
"roentgen fluoroscopic” OR "roentgen fluoroscopy” OR "roentgen fluoroscop*") OR AB=("Radiostereometric
Analysis” OR "Photogrammetry” OR "RSA" OR "Radiostereometric Analysis" OR "Radiostereometry” OR
"Radiostereometric” OR "Radiostereometr*" OR "Radio stereometry” OR "Radio stereometr*" OR "roentgen
stereophotogrammetric analysis” OR "Stereophotogrammetry” OR "Stereophotogrammetric” OR
"Stereophotogrammetr*" OR "Stereo photogrammetry” OR "Stereo photogrammetric” OR "Stereo
photogrammetr*" OR "Rontgen Stereophotogrammetr*" OR "Roentgen Stereometry” OR "Roentgen
Stereometr*" OR "Photofluorography"” OR "roentgen fluoroscopic” OR "roentgen fluoroscopy" OR "roentgen
fluoroscop*")) AND (TI=("Arthroplasty” OR "Arthroplast*" OR "Hemiarthroplast*" OR "Hemi-arthroplast*" OR
"Prosthesis" OR "Prostheses” OR "endoprosthesis" OR "endoprostheses” OR "Replacement” OR "resurfacing”
OR ‘'resurfaced” OR "Implant" OR "Implants") OR AK=("Arthroplasty” OR "Arthroplast*" OR
"Hemiarthroplast*" OR "Hemi-arthroplast*" OR "Prosthesis”" OR "Prostheses” OR "endoprosthesis”" OR
"endoprostheses” OR "Replacement” OR "resurfacing” OR "resurfaced” OR "Implant” OR "Implants”) OR
AB=("Arthroplasty” OR "Arthroplast*" OR "Hemiarthroplast*" OR "Hemi-arthroplast*" OR "Prosthesis” OR
"Prostheses” OR "endoprosthesis” OR "endoprostheses” OR "Replacement” OR "resurfacing” OR "resurfaced”
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OR "Implant” OR "Implants")) AND PY=(2012 OR 2013 OR 2014 OR 2015 OR 2016 OR 2017 OR 2018 OR
2019 OR 2020 OR 2021 OR 2022 OR 2023 OR 2024) NOT DT=("meeting abstract"))

Cochrane

(("Radiostereometric Analysis" OR "Photogrammetry” OR "RSA" OR "Radiostereometric Analysis" OR
"Radiostereometry” OR "Radiostereometric” OR "Radiostereometr*" OR "Radio stereometry” OR "Radio
stereometr*” OR "roentgen stereophotogrammetric analysis” OR "Stereophotogrammetry” OR
"Stereophotogrammetric" OR "Stereophotogrammetr*” OR "Stereo photogrammetry” OR "Stereo
photogrammetric” OR "Stereo photogrammetr*” OR "Rontgen Stereophotogrammetr*” OR "Roentgen
Stereometry"” OR "Roentgen Stereometr*" OR "Photofluorography” OR "roentgen fluoroscopic” OR "roentgen
fluoroscopy” OR ‘"roentgen fluoroscop*"):tiabjkw AND ("Arthroplasty” OR "Arthroplast*" OR
"Hemiarthroplast*" OR "Hemi-arthroplast*" OR "Prosthesis”" OR "Prostheses” OR "endoprosthesis" OR
"endoprostheses” OR "Replacement” OR "reconstruction” OR "resurfacing” OR "resurfaced" OR "Implant” OR
"Implants"):ti,ab,kw) NOT DT=("meeting abstract") AND PY=(2012 OR 2013 OR 2014 OR 2015 OR 2016 OR
2017 OR 2018 OR 2019 OR 2020 OR 2021 OR 2022 OR 2023 OR 2024)

Emcare

((exp *"Radiostereometric Analysis”/ OR exp *"Photogrammetry”/ OR "RSA".ti,ab OR "Radiostereometric
Analysis".tiab OR "Radiostereometry”.tiab OR "Radiostereometric”.tiab OR "Radiostereometr*".ti,ab OR
"Radio stereometry".ti,ab OR "Radio stereometr*".ti,ab OR "roentgen stereophotogrammetric analysis".ti,ab
OR "Stereophotogrammetry".tiab OR "Stereophotogrammetric".ti,ab OR "Stereophotogrammetr*".ti,ab OR
"Stereo photogrammetry”.tiab OR "Stereo photogrammetric".tiab OR "Stereo photogrammetr*".ti,ab OR
"Rontgen Stereophotogrammetr*".ti,ab OR "Roentgen Stereometry".ti,ab OR "Roentgen Stereometr*".ti,ab OR
"Photofluorography".tiab OR "roentgen fluoroscopic”.tiab OR "roentgen fluoroscopy".tiab OR "roentgen
fluoroscop*".ti,ab) AND (exp *"orthopedic prostheses, orthoses and implants"/ OR exp *"Arthroplasty”/ OR
"Arthroplast*".tiab OR "Hemiarthroplast*".tiab OR "Hemi-arthroplast*".tiab OR "Prosthesis".tiab OR
"Prostheses".tiab OR "endoprosthesis".tiab OR "endoprostheses".tiab OR "Replacement"tiab OR
"reconstruction”.ti,ab OR "resurfacing".ti,ab OR "resurfaced".ti,ab OR "Implant".ti,ab OR "Implants".ti,ab) AND
2012:2024.(sa_year))

Academic Search Premier

((TI("Radiostereometric Analysis” OR "Photogrammetry” OR "RSA" OR "Radiostereometric Analysis" OR
"Radiostereometry” OR "Radiostereometric” OR "Radiostereometr*" OR "Radio stereometry” OR "Radio
stereometr*" OR "roentgen stereophotogrammetric analysis” OR "Stereophotogrammetry” OR
"Stereophotogrammetric" OR "Stereophotogrammetr*" OR "Stereo photogrammetry” OR "Stereo
photogrammetric” OR "Stereo photogrammetr*” OR "Rontgen Stereophotogrammetr*" OR "Roentgen
Stereometry"” OR "Roentgen Stereometr*" OR "Photofluorography” OR "roentgen fluoroscopic” OR "roentgen
fluoroscopy” OR "roentgen fluoroscop*") OR KW("Radiostereometric Analysis” OR "Photogrammetry” OR
"RSA" OR "Radiostereometric Analysis" OR "Radiostereometry” OR "Radiostereometric” OR
"Radiostereometr*" OR "Radio stereometry” OR "Radio stereometr*" OR "roentgen stereophotogrammetric
analysis" OR "Stereophotogrammetry"” OR "Stereophotogrammetric” OR "Stereophotogrammetr*" OR "Stereo
photogrammetry” OR "Stereo photogrammetric® OR "Stereo photogrammetr*" OR "Rontgen
Stereophotogrammetr*" OR "Roentgen Stereometry” OR "Roentgen Stereometr*" OR "Photofluorography” OR
"roentgen fluoroscopic” OR "roentgen fluoroscopy” OR "roentgen fluoroscop*") OR AB("Radiostereometric
Analysis” OR "Photogrammetry” OR "RSA" OR "Radiostereometric Analysis” OR "Radiostereometry” OR
"Radiostereometric” OR "Radiostereometr*" OR "Radio stereometry” OR "Radio stereometr*" OR "roentgen
stereophotogrammetric analysis” OR "Stereophotogrammetry” OR "Stereophotogrammetric” OR
"Stereophotogrammetr*" OR "Stereo photogrammetry” OR "Stereo photogrammetric" OR "Stereo
photogrammetr*" OR "Rontgen Stereophotogrammetr*" OR "Roentgen Stereometry” OR "Roentgen
Stereometr*" OR "Photofluorography” OR "roentgen fluoroscopic” OR "roentgen fluoroscopy"” OR "roentgen
fluoroscop*")) AND (TI("Arthroplasty” OR "Arthroplast*" OR "Hemiarthroplast*" OR "Hemi-arthroplast*" OR
"Prosthesis” OR "Prostheses"” OR "endoprosthesis" OR "endoprostheses" OR "Replacement” OR "resurfacing”
OR ‘'resurfaced” OR "Implant” OR "Implants") OR KW("Arthroplasty” OR ‘"Arthroplast*" OR
"Hemiarthroplast*" OR "Hemi-arthroplast*" OR "Prosthesis” OR "Prostheses” OR "endoprosthesis”" OR
"endoprostheses” OR "Replacement” OR "resurfacing” OR "resurfaced" OR "Implant” OR "Implants"”) OR
AB("Arthroplasty” OR "Arthroplast*" OR "Hemiarthroplast*" OR "Hemi-arthroplast*" OR "Prosthesis” OR
"Prostheses” OR "endoprosthesis” OR "endoprostheses” OR "Replacement” OR "resurfacing” OR "resurfaced”
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OR "Implant” OR "Implants")) AND PY=(2012 OR 2013 OR 2014 OR 2015 OR 2016 OR 2017 OR 2018 OR
2019 OR 2020 OR 2021 OR 2022 OR 2023 OR 2024 NOT DT=("meeting abstract"))
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Abstract

Background and purpose

Radiostereometric analysis (RSA) of total knee arthroplasty (TKA) is used as an early
safeguard during the phased evidence-based introduction of new implants. The goal of this
study was to compare the long-term revision risk between RSA-tested implant and non-RSA-

tested implant in the Netherlands using patient-level data.

Methods

All primary TKAs between 2007 and 2016 from the Dutch Arthroplasty Register were
included and procedures with an RSA-tested implant were identified. Both all-cause major
revision risk and revision risk because of loosening were calculated at 5 and 10 years
postoperatively using Kaplan-Meier analyses. Sensitivity analyses were performed with
more stricter definitions to classify procedures as RSA-tested, to avoid camouflage of

different subdesigns within the same brand implant portfolio.

Results

83,638 RSA-tested and 104,105 non-RSA-tested TKAs were included. Cumulative all-cause
major revision percentages for the RSA-tested group at 5 and 10 years were 2.2% (95%
confidence interval [CI] 2.1-2.3) and 3.6% (CI 3.4-3.7), respectively, compared with 2.5% (CI
2.4-2.6) and 3.3% (CI 3.2-3.4) for the non-RSA-tested group. RSA-tested TKAs showed higher
10-year revision risks because of loosening than non-RSA-tested procedures (1.8% (CI 1.7-
1.9) versus 1.4% (CI 1.3-1.4) respectively). Comparable results were found after

stratification by various patient characteristics and with stricter classification approaches.

Conclusion

RSA-tested TKAs did not have lower long-term revision risks than non-RSA-tested TKAs in
the Netherlands. Further research should assess if comparable results are found in other
countries and determine the clinical benefit of RSA-testing of new TKA implants that are

released to the market.
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Introduction

Radiostereometric analysis (RSA) is a valuable tool in the phased evidence-based
introduction of arthroplasty implants (1-3). Early implant migration results, obtained with
RSA, can warn clinicians about implants that have an increased long-term risk of revision
due to loosening. However, only a limited number of implants has been studied with RSA. If
TKAs with an RSA-tested implant actually show a lower long-term revision risk compared
with TKAs using a non-RSA-tested implant, RSA testing of all implants introduced to the
market could be advocated.

Hasan et al. (4) recently reported that “RSA-tested” TKAs on average have a lower
10-year revision risk than “non-RSA-tested” TKAs (4). However, they only used the
aggregate-level mean all-cause revision risk of TKAs from annual reports of national
arthroplasty registries. Therefore, they could not assess whether the patient populations
receiving RSA-tested and non-RSA-tested implants were comparable. Moreover, early
migration as measured with RSA is used as a proxy for the risk of revision due to loosening,
not for all-cause revision. Furthermore, Hasan et al. (4) did not take the differences between
subtypes within the same implant brand portfolio into account (5, 6). We know that good
results from a (sub)design may camouflage the actual clinical performance of another
(sub)design within the same brand implant portfolio that performs worse (5). This suggests
that more detailed patient-level analyses are warranted.

The aim of this study was to compare both the long-term all-cause major revision
risk and revision risk due to loosening between RSA-tested and non-RSA-tested TKAs using
patient-level data. The latter allows for more accurate classification of TKAs in which an RSA-
tested implant was used, thereby taking into account possible camouflage within the same
implant brand portfolio. We hypothesized that TKAs with an RSA-tested implant had a lower

long-term risk for all-cause revision as well as revision because of loosening.
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Material and Methods

Study Design

Patient-level data for this observational study were obtained from the Dutch
Arthroplasty Register (LROI), to avoid spurious associations due to the ecological fallacy
when using aggregate-level data (i.e., the erroneous inference about individuals based on
findings for the group to which these individuals belong) (7). This nationwide population-
based register started in 2007 and achieved 100% coverage of all Dutch hospitals in 2012,
and 96% completeness for primary TKAs in 2012 (8). The LROI database contains patient,
procedure and implant characteristics. For each component, specific characteristics can be
identified by its product number (9). In the LROI, the product number of all prosthetic
components and cement (if used) are registered. This allows the opportunity to extend the
information about specific prosthesis, e.g. the specific surface bone coating of the implant.
To receive informed consent of patients, the LROI uses an opt-out system. The study is
reported in accordance with the Strengthening the Reporting of Observational Studies in

Epidemiology (STROBE) guidelines (10).

Patient Selection and Classification

All primary TKAs performed between 2007 and 2016 registered in the LROI were
included. To identify whether an implant was tested with RSA, the results of a previous meta-
analysis on tibial baseplate migration were used (3). In short, Pijls et al (2, 3). conducted a
literature search to identify all clinical RSA studies on tibial component migration in TKA
that were published up to 2016. The results of this search were used to classify procedures
as “RSA-tested” (i.e.,, when an implant was used in a clinical RSA study) or “non-RSA-tested”
(i.e., when an implant was not tested with RSA). Procedures up to 2016 were included in this
study, which ensured that patients had at least 5-years of follow-up. The same database of
RSA-tested implants was used by Hasan et al. (4).

The classification of TKAs was performed at 3 levels of specificity. For the primary
analyses, implants were coded at the level of implant (brand) and fixation method
(cemented/uncemented) (level 1). If a brand/fixation combination was described in an RSA
study, the procedure in the LROI was coded as “RSA-tested”. Otherwise, the procedure was
coded as “non-RSA-tested”. This level of coding was chosen for the primary analyses to align

with previous research, but also because this level of information is mostly reported in RSA
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studies and revision risks in annual arthroplasty registry reports are reported on this level
(1,4). Moreover, we explored possible variation in revision risks between implants within
the RSA-tested and non-RSA-tested group.

Furthermore, two additional, more stricter definitions were used to classify
implants as RSA-tested (level 2 and 3). Besides the brand/fixation method, level 2 also
included insert type (fixed/mobile bearing, cruciate retaining (CR)/posterior stabilized
(PS)). To be classified as RSA-tested at level 3, implants had to match exactly with an RSA
study at the subtype level within the implant brand portfolio, fixation method, fixation
method specified (e.g., implant coating or type of cement), and insert type. If the implant
that was used during TKA did not exactly match the implant described in an RSA study, based
on the level criteria, the procedure was coded as non-RSA-tested at that level (Table II).

We only classified TKAs as RSA-tested after publication of an RSA study in which
the implant was studied. Only after implant migration results have been published it is
possible for clinicians to estimate the risk of late revision due to loosening. Subsequently,
clinicians may decide to continue or discontinue using a specific implant (based on its
expected risk of late revision) resulting in a selection of best performing implants and
thereby lower revision risks for RSA-tested implants. When no RSA migration results of an
implant are available at the time of surgery, it is not possible to estimate the risk of future
long-term loosening. In this way, some TKAs may be classified as non-RSA-tested if the
surgery was performed before publication of the RSA study and other TKAs using the exact

same implant as RSA-tested if the surgery was performed after publication of the RSA study.

Statistical Analysis

All-cause major revision risks (i.e., revision of the femoral and/or tibial component)
were calculated at 5 and 10 years for the RSA-tested and non-RSA-tested group (level 1)
using Kaplan-Meier analyses. Minor revisions (i.e. change of polyethylene insert,
insertion/change of patella component, and DAIR without implant change) were not used in
our analysis. Survival time was calculated as the time from primary TKA surgery to the first
major revision, death of the patient, or end of follow-up (01-01-2022). After visual
inspection of the Kaplan-Meier plots and testing of scaled Schoenfeld residuals, the
proportional hazards assumption was shown to be violated. Therefore, Cox proportional
hazard analyses were not used. To evaluate possible confounders, and take these into

account, we compared the all-cause major revision risks for both groups stratified by age
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group, sex, diagnose, and American Society of Anesthesiologist (ASA)-classification. We did
not stratify by Body Mass Index (BMI), Charnley score, and smoking status as these have only
been registered in the LROI since 2014 (percentages of missing data in Table I). Revision
risks of individual brand/fixation combinations included in the RSA-tested and non-RSA-
tested groups were calculated to assess possible heterogeneity within the groups. In
addition to all-cause major revision, the (major) revision risk because of loosening at 5 and
10 years were calculated for the RSA-tested and non-RSA-tested group. Finally, we
performed sensitivity analyses with the more stricter matching definitions (level 2 and 3).
Means were reported with 95% confidence intervals (Cls), as the latter allows a more easy
and direct evaluation of clinical significance compared with the p-value (11). Analyses were
performed using SPSS (version 29.0; IBM Corp) and R software (version 4.2.1; R Foundation
for Statistical Computing).

Disclosures
This investigator-initiated study was supported by a grant from Stryker. The sponsor did not

take part in the design, conduct, analyses, or interpretations in the present study.

Results

In total, 190,525 primary TKAs between 2007 and 2016 were registered in the
LROI. Procedures with an unknown implant design (n=2,782) were excluded, leaving
187,743 procedures included in this study. Based on the classification for the primary
analyses (level 1), 83,638 RSA-tested and 104,105 non-RSA-tested TKAs were included.
Patient demographics were comparable between the groups (Table I). As expected, most
missing data were found for the variables BMI (RSA-tested 51.2%; non-RSA-tested 63.1%),
Charnley score (RSA-tested 48.8%; non-RSA-tested 60.1%), and smoking (RSA-tested
53.1%; non-RSA-tested 67.2%), because they were not registered before 2014.

All-cause Major Revision

Cumulative all-cause major revision risks for the RSA-tested group at 5 and 10 years
were 2.2% (CI 2.1-2.3) and 3.6% (CI 3.4-3.7), respectively, compared with 2.5% (CI 2.4-2.6)
and 3.3% (CI 3.2-3.4) for non-RSA-tested procedures (Figure 1). Revision risks in patients <

60 years were greater compared with patients > 60 years in both the RSA-tested and non-
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RSA-tested group (Figure 2). Still, after stratification by age, sex, diagnose, and ASA

classification, TKA procedures with an RSA-tested implant did not have lower long-term all-

cause major revision risks. Within the RSA-tested group, revision risks at 10 years ranged
from 1.8% (CI 0.2-3.4) (Duracon uncemented) to 9.1% (CI 8.0-10.2) (Optetrak cemented)
with less variation in the non-RSA-tested group (ranging from 2.4% (CI 1.8-3.1) to 4.3% (CI

4.0-4.7)) (Figure 3).

Table I Baseline Demographic Characteristics

RSA-tested TKAs

non-RSA-tested TKAs

(n = 83,638) (n =104,105)
Age in years, mean (SD)
(RSA-tested, n = 83,521 (99.9%)) 68.8 (9.2) 68.2 (9.6)
(non-RSA-tested, n = 104,001 (99.9%))
BMI, mean (SD)
(RSA-tested, n = 40,814 (48.8%)) 29.7 (5.0) 29.8(5.1)
(non-RSA-tested, n = 38.368 (36.9%))
Sex, n (%)
Men 28,230 (33.8) 35,579 (34.2)
Women 55,270 (66.1) 68,236 (65.5)
Missing 138 (0.2) 290 (0.3)
Diagnosis, n (%)
Osteoarthritis 79,806 (95.4) 98,366 (94.5)
Rheumatoid arthritis 1,253 (1.5) 1,721 (1.7)
Inflammatory arthritis 45 (0.1) 48 (0.0)
Late post-traumatic 1,069 (1.3) 1,621 (1.6)
Osteonecrosis 380 (0.5) 393 (0.4)
Tumor 7 (0.0) 70 (0.1)
Other 167 (0.2) 462 (0.4)
Missing 911 (1.1) 1,424 (1.4)
ASA, n (%)
ASA 1 14,424 (17.2) 19,585 (18.8)
ASATI 54,929 (65.7) 64,969 (62.4)
ASA TII-IV 11,061 (13.2) 13,833 (13.3)
Missing 3,224 (3.9) 5,718 (5.5)

Charnley score, n (%)
A

17,691 (21.2)

17,518 (16.8)

B1 14,045 (16.8) 12,600 (12.1)
B2 8,099 (9.7) 7,173 (6.9)
C 1,247 (1.5) 1,126 (1.1)
N/A (no osteoarthritis) 1,724 (2.1) 3,139 (3.0)
Missing 40,832 (48.8) 62,549 (60.1)
Smoking, n (%)
Yes 3,780 (4.5) 3,447 (3.3)
No 35,461 (42.4) 30,744 (29.5)
Missing 44,397 (53.1) 69,914 (67.2)
Previous surgery, n (%)
Yes 25,721 (30.8) 31,282 (30.0)
No 53,967 (64.5) 63,909 (61.4)
Missing 3,950 (4.7) 8,914 (8.6)

TKA = Total Knee Arthroplasty, BMI = Body Mass Index, ASA = American Society of Anesthesiologists.
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Figure 1. Cumulative all-cause major revision risk (Kaplan-Meier) through 10 years of follow up for RSA-

tested and non-RSA-tested implants

Major Revision Because of Loosening

Cumulative major revision risks because of loosening for RSA-tested procedures at
5 and 10 years were 1.0% (CI 0.9-1.0) and 1.8% (CI 1.7-1.9), respectively, compared with
1.0% (CI 0.9-1.1) and 1.4% (CI 1.3-1.4) for non-RSA-tested procedures (Figure 4).

Stricter Classification of RSA-tested Procedures

When using stricter definitions to match implants with clinical RSA studies, less TKAs
were classified as RSA-tested (Table II). Of the 187,734 primary TKAs included in the study,
68,634 were classified as RSA-tested at level 2. Using the latter classification, the cumulative
all-cause major revision risks for the RSA-tested group at 10 years was 3.7% (CI 3.5-3.9)
compared with 3.3% (CI 3.2-3.4) for non-RSA-tested procedures. For major revision due to
loosening, the 10 year revision risk was 2.0% (CI 1.8-2.1), and 1.3% (CI 1.3-1.4) for the RSA-
tested and non-RSA-tested group, respectively.
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Figure 2. Cumulative all-cause major revision risk (Kaplan-Meier) plots through 10 years of follow-up for

RSA-tested and non-RSA-tested procedures stratified by (A) age, (B) sex, (C) diagnosis, and (D) American

Society of Anesthesiologists (ASA) classification.
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Table 2. Number of procedures classified as “RSA-tested” and “non-RSA-tested” based on 3 different levels of

matching.
RSA-tested non-RSA-tested
Level 1 (brand/fixation) 83,638 104,105
Level 2 (brand/fixation/insert) 68,634 119,109
Level 3 (brand/subtype/fixation/fixation specified/insert) 37,788 149,955

Cumulative all-cause major revision risk at 5-year

follow-up non-RSA-tested
Genesis Il cemented (n = 34,536) .
Vanguard cemented (n = 25,065) .
LCS cemented (n = 16,414) -
LCS uncemented (n = 6,558) -
Scorpio cemented (n =5,011) -

ACS cemented (n=2,772) —-
TC Plus cemented (n = 2,530) —-
balanSys cemented (n = 2,047) ——
Journey cemented (n = 1,725) ——
Triathlon cemented (n = 1,268) ——

0o 2 4 6 8 10 12 14
Revision percentage (%)

Cumulative all-cause major revision risk at 10-year

follow-up non-RSA-tested
Genesis Il cemented (n = 34,536) -
Vanguard cemented (n = 25,065) .
LCS cemented (n = 16,414) -
LCS uncemented (n = 6,558) -
Scorpio cemented (n=5,011) -
ACS cemented (n=2,772) -
TC Plus cemented (n = 2,530) -
balanSys cemented (n = 2,047) ——
Journey cemented (n = 1,725) ——
Triathlon cemented (n = 1,268) ——

0o 2 4 6 8 10 12 14
Revision percentage (%)

Cumulative all-cause major revision risk at 5-year
follow-up RSA-tested

NexGen cemented (n=37,391) .
PFC cemented (n = 21,828) -
Genesis I cemented (n = 5,455) -

AGC cemented (n = 5,436) -

Vanguard cemented (n = 5,180) -

Optetrak cemented (n = 3,166) ——
Profix cemented (n = 2,614) ——

Triathlon cemented (n = 1,881) ——

Triathlon uncemented (n =301) ——
Duracon uncemented (n = 296) —+—
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Cumulative all-cause major revision risk at 10-year

follow-up RSA-tested
NexGen cemented (n=37,391) -
PFC cemented (n = 21,828) -
Genesis Il cemented (n = 5,455) (n.a.)
AGC cemented (n = 5,436) -
Vanguard cemented (n = 5,180) (n.a.)
Optetrak cemented (n = 3,166) —
Profix cemented (n = 2,614) ——

Triathlon cemented (n = 1,881) (n.a.)

Triathlon uncemented (n =301) (n.a.)

Duracon uncemented (n =296) —+—
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Figure 3. Forest plots showing the cumulative all-cause major revision risk (with 95% confidence intervals)

of individual implant/fixation combinations within the RSA-tested and non-RSA-tested TKA group at 5 and

10 years postoperatively. For both groups, the 10 implant/fixation combinations with the greatest number of

procedures is shown. Note: n.a. if < 50 cases were at risk.

At the most strict level of classifying the implants (level 3), 37,788 procedures were

classified as RSA-tested. With this classification, the cumulative all-cause major revision risk

for the RSA-tested group at 10 years was 4.0% (CI 3.7-4.2) compared with 3.3% (CI 3.2-3.4)
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for non-RSA-tested TKAs. The mean 10 year revision risk due to loosening was 2.1% (CI 1.9-

2.3) for the RSA-tested and 1.4% (CI 1.4-1.5) for non-RSA-tested group.

4% -

3%

2% 1

1%- —

0% - —

Cumulative major revision because of loosening (%)

Years

non-RSA-tested — RSA-tested

Figure 4. Cumulative major revision risk because of loosening (Kaplan-Meier) through 10 years of follow-up

for RSA-tested and non-RSA-tested implants.

Discussion

Our hypothesis that TKAs using an RSA-tested implant would show lower long-term
revision risks was not confirmed. At 10 years follow-up, the cumulative all-cause major
revision risk in the RSA-tested group was not lower than in the non-RSA-tested group. Also,
the risk of revision because of loosening was greater in the RSA-tested group than in the non-
RSA-tested group. These findings remained consistent after stratification by demographic
characteristics and using more stricter definitions for the classification of TKAs as RSA-
tested.

After publication of an RSA study, surgeons or hospitals may use the early implant
migration data as evidence for their decision to continue or discontinue using a specific
implant. If RSA studies show unacceptable high early migration, indicating a high risk of
long-term revision because of loosening, this could prevent the widespread use of

underperforming implants if clinicians would not use these implants anymore. Interestingly,

167

Chapter 7



Chapter 7

within the RSA-tested group, revision risks between individual brand/fixation combinations
varied considerably. The highest revision risk was observed in TKAs using the Optetrak
cemented implant (10 year cumulative all-cause major revision risk 9.1% (CI 8.0-10.2)).
Because an RSA study of the Optetrak implant was published in 2004, all procedures in the
LROI with this implant were classified as RSA-tested (12). However, this RSA study does not
explicitly conclude that there is an increased risk of long-term revision for this specific
implant based on the early migration data. This may be due to the fact that mean implant
migration thresholds predictive for late loosening to enable classification of acceptable and
unacceptable migration were only proposed in 2012 (2, 12). Based on these thresholds, both
the cemented Optetrak CR and PS implants would be considered to be “at risk” of revision
risks higher than 5% at 10 years. Another possible explanation for high revision risks despite
RSA testing may be that (seemingly) small changes to an implant design, its manufacturing
process, or packaging method have been made, which may influence the clinical
performance of an implant and increase the revision risk. For the Optetrak knee system, TKA
polyethylene inserts manufactured since 2004 have been recalled because they were
packaged in bags that did not contain a secondary barrier layer with ethylene viny alcohol
to augment oxygen resistance. The use of these non-conforming bags increased oxygen
diffusion to the ultra-high molecular weight polyethylene (UHMWPE) inserts, which can
severely damage its mechanical properties and lead to accelerated wear debris and
subsequently bone loss and loosening of the TKA implant (13). Therefore, one could argue
that the Optetrak implants included in the RSA study are essentially different implants
compared with the Optetrak implants used later and registered in the LROI. It has been
shown previously that (accidental) changes in the manufacturing process of orthopaedic
implants may significantly affect their clinical performance and that the type of PE insert
material may influence the revision risk after TKA (14, 15). On the other hand, other designs
may also have changed after the RSA study was published, influencing their performance,
which could be explored in future studies.

RSA assess implant migration, which has been associated with long term revision risk
because of loosening (2). However, early implant migration as measured with RSA has not
been associated with revision because of other reasons, such as infection or implant/liner
wear. Furthermore, besides revision rates, patient-reported outcome measures (PROMs) are
increasingly employed in orthopaedic practice to assess clinical outcome after TKA. We have

previously shown that TKA migration, as measured with RSA, is not associated with post-
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operative changes in PROMs or clinical scores (16). Therefore, the performance and safety
of novel TKA implant designs cannot solely be assessed on RSA alone.

We found that the mean revision risk at 10 years follow-up of non-RSA-tested TKAs in
the Netherlands was very low. This is consistent with the results from Hasan et al.,, who
showed that the revision risk of non-RSA-tested TKAs in the Netherlands was lower
compared with non-RSA-tested TKAs in other countries (4). This may be due to the fact that
the Netherlands has a long-tradition of ensuring the quality of orthopaedic implants used.
First through a national framework established by the Dutch Orthopaedic Society (NOV) that
critically evaluated clinical data and performance of implants during annual meetings, later
followed by the use of the Orthopaedic Data Evaluation Panel (ODEP) ratings (17). In other
countries, with less market regulation and no systems in place to ensure the quality of new
implants, long-term revision risks of non-RSA-tested implants may be higher and RSA-
testing may have larger impact to ensure good quality implants so that procedures with an
RSA-tested implant would show lower long term-revision risks consistent with our
hypothesis.

We have shown that the 10-year revision risks because of loosening of both RSA-tested
and non-RSA-tested implants is low. Therefore, one may argue that fixation is not the big
problem anymore in contemporary TKA. While mean revision percentages are small, the
absolute number of patients requiring revision surgery because of loosening remains large;
given the large amount of primary arthroplasty procedures performed each year.

The results of our study confirm the findings from Hasan et al. (4) , who have also shown
higher revision rates for RSA-tested TKA in the Netherlands. This validation reinforces the
observation form Hasan et al. (4) that RSA-tested TKA have a lower revision rate outside the
Netherlands. However, studies on individual patient data are required to confirm or refute
this hypothesis. Although there was no beneficial effect of RSA in the Netherlands, we
caution against interpreting the results of our study as suggesting that RSA studies are
unnecessary or should no longer be conducted for different countries.

A strength of the present study is that it is based on a large real-world population-based
cohort (registry) with very high completeness. Utilizing patient-level data obtained from the
LROI allowed to gauge the impact of baseline characteristics by making stratified
comparisons between groups. Furthermore, it was possible to take into account the time of
surgery and year of publication of RSA studies when classifying TKAs as RSA-tested or non-

RSA-tested, to mimic the mechanism through which RSA-testing might have an effect.
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Besides addressing the possible camouflage effect by using more stricter definitions for the
classification of implants, we also looked specifically at the revision risks because of
loosening rather than all-cause revision, as early migration measured with RSA is associated
with revision due to loosening.

Some limitations should be acknowledged. The study was observational and therefore
subject to confounding. Since only a limited number of variables is collected in the LROI, it is
not possible to adjust for all potential confounders. However, we found that the RSA-tested
and non-RSA-tested group were comparable regarding most of the observed patient
demographics. Also, one could argue that additional time restrictions should be applied for
the classification of implants as RSA-tested, because small changes to an implant design,
after publication of an RSA study, may affect its clinical performance. For that matter, only
procedures performed within < 10 years after publication of an RSA study on the specific
implant that was used may be assumed to be the same implant and therefore classified as
RSA-tested. However, such a time restriction would be arbitrary, as it is often unknown if and
when such changes are made to an existing implant that is already on the market. Also, we
used data from a previous meta-analyses on clinical RSA studies, in accordance with the
previous study by Hasan et al. (4) However, this database only includes all published studies
on tibial component migration in TKA and might miss potential clinical RSA studies that only
reported femoral component migration. Finally, we compared the risk of revision because of
loosening between the RSA-tested and non-RSA-tested group and intentionally did not use
the terminology “aseptic” loosening. The reason for revision in the LROI is classified by the
surgeon at the time of (revision) surgery and multiple reasons can be given (e.g. both
infection and loosening). There is no feedback mechanism to capture cases that were initially
not classified as infection, but with intra-operative cultures later showing that a (low-
virulent) microbe may have led to the revision. On the other hand, a surgeon may intra-
operatively suspect an infection as reason for the revision, but with intra-operative cultures
remaining negative. This is common practice in multiple arthroplasty registries and is
usually considered as non-differential misclassification leading to bias towards the null (18).
For our study the consequence may be that we may have missed a small effect, if this exists
in The Netherlands.

In conclusion, TKAs using an RSA-tested implant did not show lower revision risks at
10 years follow-up compared with TKAs using a non-RSA-tested implant in the Netherlands.

Further research is needed to assess if comparable results are found in other countries.
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Chapter 8

The aim of this thesis was to contribute to patient safety for patient in need for arthroplasty
surgery by better understanding the value of implant migration analysis in providing clinical
evidence on the performance of novel arthroplasty implants. This chapter starts with a
summary of the main findings of the previous chapters. Subsequently, these findings and
their clinical implications are discussed in the context of other literature and

recommendations for future practice and research are given.

Summary

The clinical outcome after total knee arthroplasty (TKA) can be measured by different
methods, including objective measures of implant migration with RSA (stereometry) as well
as subjective measures like patient reported outcome measures (PROMs). To understand the
value of these outcome measures during follow-up of patients after arthroplasty, it is
important to assess whether they measure the same or a different aspect of the care
delivered. In chapter 2, we studied the extent to which tibial component migration, as
measured with RSA, was associated with postoperative changes in PROMs and clinical
scores. Individual implant migration data was obtained from 5 randomized RSA studies,
including a total of 300 patients with 6 distinct TKA implant designs. TKA migration was
evaluated at 3 months, 1, 2, 5, 7, and 10 years postoperatively. At the same follow-up
moments, the knee society score (KSS)-Knee, KSS-Function, knee injury and osteoarthritis
outcome score (KOOS) subscales were collected in all studies. We found that tibial baseplate
migration was not associated with postoperative worsening in PROMs or clinical scores in
patients who underwent TKA across the entire follow-up. These findings suggest that
implant migration, as measured with RSA, measures a different aspect of implant
performance (i.e. implant bone-fixation) than PROMs (i.e. patient perceived performance)
and clinical scores. Thus, TKA outcomes during follow-up cannot be evaluated solely through
PROMs.

Randomized controlled trials (RCTs) are important to provide high-quality clinical
evidence on the performance and safety of novel implants and guide decision making in
clinical practice. By using RSA as a highly accurate measure of implant performance, only a
limited number of patients need to be included in each group in randomized studies. This
thesis contributes to the clinical evidence of novel arthroplasty implants by conducting two

RCTs using RSA. In chapter 3, we compared the early migration pattern of a novel
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cementless hydroxyapatite (HA)-coated titanium acetabular shell with its predecessor in
patients undergoing total hip arthroplasty (THA). Eighty-seven patients were randomized
to either a Trident II HA or Trident HA shell, each cementless with clusterholes and HA
coating. Implant migration was evaluated with RSA, with radiographs taken at baseline, 3,
12, and 24 months postoperatively. PROMs and clinical scores were collected at each follow-
up as secondary outcome measures. Over the 2 year follow-up period, clinical scores and
PROMs were comparable between the groups. The novel Trident II HA shell showed
comparable migration with its predecessor, the Trident HA shell. These findings suggest a
similar risk of long-term aseptic loosening. In chapter 4, we compared the medium term
migration of a new cementless three-dimensional (3D)-printed TKA with a conventionally
manufactured cemented TKA of an otherwise similar design. For this study, 72 patients were
randomized to either the cementless or cemented TKA. RSA radiographs were taken within
2 days after surgery as well as at 3 months, 1, 2, and 5 years postoperatively. Secondary
outcomes were the KSS, KOOS, and forgotten joint score (FJS). We showed that there was no
significant difference in mean migration at 5 years postoperatively between the cementless
and cemented TKA implant. However, progression of the cemented TKA was present beyond
2 years, whereas the cementless 3D-printed implant remained stable after initial early
migration. No significant differences between both implant designs were found during the 5
year follow-up period for the KSS, KOOS, and FJS.

To ensure that RSA studies provide reliable evidence on the clinical performance of
arthroplasty implants, consistency in the execution and reporting of clinical RSA studies is
essential. This thesis contributes to both the methodology as well as reporting quality of
clinical implant migration studies using RSA. In chapter 5, the impact of using different
marker-selection methods during RSA analysis on TKA migration results was assessed by
reanalyzing all RSA radiographs from the RCT presented in chapter 4. All (marker-based)
RSA examinations were analyzed using both a consistent set of markers over the complete
follow-up period (consistent-marker method) and all-available markers at each follow-up
that could be matched to the reference examination (all-marker method). Additionally,
migration was calculated using 5 fictive points on the prosthesis, either plotted based on the
consistent set of markers or all available markers. We showed that the estimated differences
in migration at group level did not change when using either the consistent-marker or all-
marker method, or when using 5 fictive points. However, individual implant migration

measurements are different between marker-selection methods. In chapter 5 we
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recommended that RSA studies should report the marker-selection method that was used
as part of the standardized output, to facilitate comparison between clinical studies. This
recommendation has been incorporated in the new RSA guidelines for RSA and CT-RSA
implant migration measurements (1). In chapter 6, we investigated the extent to which
published clinical RSA studies on prosthesis migration from the past decade adhered to the
RSA guideline items. A total of 285 RSA studies were included in our systematic review, with
most studies reporting prosthesis migration in the hip or knee joint. We found that RSA
studies adhered only moderately to the RSA guideline items. As adequate reporting is a
prerequisite to adequately judge the methodological quality of a study, clinical RSA studies
need to report all checklist items in the RSA guidelines as much as possible. To improve the
reporting quality of future studies, RSA researchers need to be aware of all the (commonly
unaddressed) items. At the end of chapter 6 we have proposed several clarifications for the
RSA guideline checklist, to enhance their utility in future clinical RSA studies.

If publication of early implant migration results, as measured with RSA, of novel
implants with an expected high long-term revision risk would result in less frequent use of
these implants in clinical practice, fewer patients will be exposed to underperforming
implants and only well-performing implants would remain. This thesis evaluates the actual
clinical performance of implants that have been tested in studies using RSA compared with
implants not tested with RSA. Chapter 7 studied the effect of RSA tested TKA implants on
long-term revision risk in the Netherlands by utilizing patient-level data from the Dutch
Arthroplasty Register (LROI). For this study, all primary TKA procedures between 2007 and
2016 from the LROI were included. A total of 83,836 RSA-tested and 104,105 non-RSA-tested
TKAs were included. We found that the cumulative all-cause major revision risks for the RSA-
tested group at 5 and 10 years were 2.2% and 3.6%, respectively, compared with 2.5% and
3.3% for the non-RSA-tested group. Looking specifically at revision risks due to aseptic
loosening, RSA-tested TKAs also showed higher 10-year revision risks than non-RSA tested
procedures (1.8% versus 1.4% respectively). Our findings showed that RSA-tested TKA
implants did not have lower long-term revision risk than non-RSA-tested TKA implants in
the Netherlands. The latter is most probably due to the modifying effect of a quality
evaluation system advising to use only high quality (i.e. low revision rates at 5 and 10 years)
orthopaedic implants in the Netherlands (Netherlands Orthopaedic Association (NOV)
quality system, later ODEP) (2).
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General discussion

THA and TKA have shown to be successful and cost-effective surgical treatments for end-
stage osteoarthritis and, in the early 2000s, THA has been described as the “operation of the
century” and TKA as “joint of the decade” (3, 4). However, around 10% to 20% of patients
remain dissatisfied after TKA because of persistent pain or insufficient pain relief, unmet
expectations, functional limitation, diminished health-related quality of life, and
complications (5-10). For THA, dissatisfaction rates of around 10% have been reported (11-
13). These numbers of dissatisfied TKA and THA patients may be due to progressive
osteoarthritis in other joints or long-term preoperative use of opioids, which is shown to be
related to pain sensitization (14-16). To address these problems new surgical techniques
(e.g. navigation and robotic surgery) and a multitude of new implant designs have been
introduced to the market, but some of these novelties performed worse compared with
previous well-established implants thus also exposing patients to the risks of implant failure
and revision surgery (17-20). The latter underscores that novel designs are not always
beneficial for patients, supporting that better clinical evidence for new implants and
rigorous monitoring of implant performance and early detection of safety concerns is
needed, as has been endorsed earlier and enforced by the Medical Device Regulation (MDR)
(21, 22).

As introduced in chapter 1, the European Commission has introduced the MDR in
2021 (22, 23). The MDR aims to ensure the safety and effectiveness of medical devices,
including arthroplasty implants, while striving to prevent unfavorable outcomes for
patients. Compared with the medical devices directive (MDD), which was the first legal basis
for an EU system of evaluating medical devices and approving their market access in the
1990s, the MDR includes stricter requirements for clinical evidence of medical devices to
obtain access to the market, as well as provide post-market clinical follow-up (PMCF).
Although the MDR provides general principles for clinical investigations but few
methodological details, the latter was addressed in the European funded CORE-MD
(coordinating research and methodology for medical devices) project (22).

The goal of innovation of arthroplasty implants should be to improve patient care,
with improved benefit/risk ratio for patients compared with existing implants. The
introduction of new implants without clinical evidence and analysis of the benefit/risk ratio

for patients, but merely the promise of theoretically superior clinical performance compared
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with other implants should be avoided (24, 25). Even though pre-clinical testing
methodologies of implants according to ISO standards, such as mechanical testing and finite
element analysis, have further improved in the recent years, a new implant can only really
be tested when it is used in patients (26). This thesis directly contributes to this evidence
based introduction of two novel arthroplasty implants. Chapter 3 showed that a new
acetabular shell with a plasma-sprayed, rather than an arc-deposited, commercially pure
titanium (CPTi) surface, has a low risk of future long-term mechanical loosening, based on
short-term RSA migration results. Additionally, we showed that the use of metallic 3D
printing of off-the-shelf tibial baseplates may contribute to enhanced bone-implant fixation
in chapter 4. Thus, we have shown that these novel implants have an estimated low risk of
revision because of loosening in the long term, without exposing a large group of patients to

this new implant.

Measuring the clinical performance of arthroplasty implants

A successful outcome according to the physician is not a guarantee for treatment success
perceived by the patient (27, 28). This underlines the importance of careful consideration of
the outcome parameter that is used to assess the clinical performance of an implant.

We have shown that RSA measures a different aspect of performance (i.e. implant-bone
fixation) than PROMs (i.e. patient perception) (chapter 2). In a commentary on our study,
Hernandez and Chang (29) agreed that arthroplasty outcome cannot be solely evaluated
through PROMs. Whereas RSA provides objective, quantitative measurements of implant
performance, patient perceived performance and satisfaction is multifactorial and involves
factors such as age, gender, weight, socioeconomic status, mental health, social support,
education, and race (29). Furthermore, PROMs are affected by the preoperative expectations
of patients, as well as the overall experience of patients on the overall per-, intra-, and
postoperative period about the (surgical) procedure (9, 30). Also, about one-third of patients
receive a second arthroplasty approximately 2 years after the first arthroplasty, with the
majority in the contralateral cognate joint (31). A second arthroplasty of the contralateral
cognate joint will also affect the generic health-related quality of life and functioning of that
patient, thereby blurring the effect of the initial arthroplasty treatment. Finally, other
variables such as comorbidities will likely influence the PROMs particularly at longer

duration of follow-up rather than solely reflecting the implant performance (32, 33).
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Postoperative (change in) PROMs are not able to detect potential implant related
problems after arthroplasty. At patient-level, for example, early identification of liner wear
in THA may will prevent the need for major revision surgery. Radiographic imaging studies
allow for the early detection of liner wear before symptoms occur that would translate into
changes in PROMs. If liner wear is detected early, a simple liner exchange can be performed,
without revising also a damaged metal acetabular shell. Even more, failure to detect linear
wear early can lead to serious consequences (e.g. periprosthetic osteolysis) that often
require major revision surgery, resulting in an increased burden to patients overall quality
of life. At population-level, solely assessing the clinical outcome of arthroplasty patients
treated with a new implant is also insufficient. Clinically relevant improvements in hip and
knee scores after THA and TKA are likely overestimated on a group-level, as non-
respondents to questionnaires (to calculate PROMs) have higher adverse event rates (34).
Higher adverse event rates are associated with a lower likelihood to achieve clinically
relevant improvements in hip disability and osteoarthritis outcome scores (HOOS) and
KOOS (34). Furthermore, whereas early RSA migration results of a new implant at group
level can be used to estimate the probability of patients being exposed to potential disasters,

early postoperative PROMs cannot (35-37).

Implant survival as outcome parameter

Traditionally, the longevity of implants before revision surgery is used as the main outcome
parameter (i.e. end-point in survival analysis) to assess the clinical performance of implants,
although different end-points, like clinical performance, can be defined as well (38). Such
revision surgery and end-points are reported by arthroplasty registries for individual
brands of implants. These registry data are not only important for surgeons in their clinical
decision making but are also used by implant manufacturers for benchmarking accreditation
like ODEP, and by healthcare insurance companies, and policymakers to adapt their policies
(39). In chapter 7 we compared the clinical performance of RSA-tested with non-RSA-tested
implants with data obtained from the LROI, using revision surgery as the endpoint. We
specifically studied all-cause major revision, defined as revision of at least the femoral or
tibial component, and major revision because of aseptic loosening. However, revision
surgery as outcome parameter after arthroplasty has its limitations. In clinical practice,
revision surgery is a decision that is made by the surgeon together with the patient taking

benefit (e.g. less pain) and risk (e.g. complications, like worse outcome) into account, but
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these arguments are subjective to competing risk factors. Even if clear implant loosening is
observed on radiographic examination, but the patient has little complaints or the patient’s
surgical risk is deemed high because of comorbidities, a surgeon will be reluctant to perform
revision surgery. Additionally, in some countries revision rates of one’s primary cases are
used to assess hospital performance, such a system may make surgeons reluctant to revise
a failed implant (40). Therefore registries should also collect revision data irrespective of
the place where the primary surgery was performed, as is done in the Netherlands (LROI)
and in all well-established registries. Another limitation of using revision surgery as the
endpoint for the clinical evaluation of novel implants is that the (all-cause) revision risk after
modern TKA and THA in the first 10 years is low (<5%), whilst its impact on patients is huge.
The latter implicates that if revision surgery would be used to proof non-inferiority of a new

implant designs thousands of patients with long-term follow-up are needed.

Implant migration as outcome parameter
Rather than waiting for at least 10 years and expose thousands of patients to a potential
beneficial or even worse implant design, an intermediate outcome or surrogate endpoint can
be used to evaluate the performance of new implants. To be considered useful in clinical
evaluations, a surrogate endpoint must demonstrate a clear and strong correlation with the
clinical outcome of interest and is expected to predict clinical benefit (or harm) of an
intervention based on other scientific evidence (41). Implant migration as measured with
RSA can be used as surrogate marker in the evaluation of new implants, as it has shown that
there is a clinically relevant association between early implant migration within the bone
and the long-term risk of revision surgery due to implant loosening (i.e. the clinical outcome
of interest) (1, 36, 42). Because of the high accuracy of RSA, a relative small number of
patients is needed to proof non-inferiority of a new implant design compared to a golden
standard implant (1, 43).

RSA is generally used for implant-bone fixation safety studies, as early migration at
a group level can be used to estimate the long-term revision risk in the future (chapter 3
and 4). However, we caution against categorizing individual implants as “migrating” or
“stable” based on strict migration thresholds values. We showed that the marker-selection
method that is used to analyze RSA radiographs affects individual implant migration results
(but estimated group differences remained similar) (chapter 5). Furthermore, the

proportion of patients with continuous migration (> 0.2 mm) may be reported for each
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group, but this should not be used in the interpretation of implant (patient) safety as the a
priori risk of the implant revision rate in each study group is unknown (1).

In chapter 2 we showed that implant migration, as measured with RSA, measures
a different aspect of performance than PROMs. Recently, Broberg et al. (44) reported that
there was no difference in tibial baseplate migration between “satisfied” and “dissatisfied”
patients. Their findings therefore point in the same direction as our conclusion: that PROMs
after TKA cannot be used as a substitute of RSA to estimate the long-term risk of revision.
However, Broberg et al. (44) only studied tibial component migration up to 2 years
postoperatively in 50 patients and dichotomized individual patients based on specific

migration (and PROMs) thresholds.

Camouflage of true clinical performance

To guide clinical practice, it is essential to assess and report the performance of specific
implant designs. For that matter, classifying specific implants can be very complex since
various implant (sub)types within the same implant brand portfolio exist (45, 46). This is
particularly relevant when clinical outcomes (i.e. revision risks) of a specific implant brand
are only presented at an aggregate implant brand level, for example in registry reports. This
phenomenon, referred to as “camouflage”, occurs when the worse performance of a specific
implant design variant is concealed due to the presence of other good performing variants
under the same implant name within datasets of THA and TKA implants (45-47). When a
poorly performing implant is masked by other (sub)types within the same implant brand
portfolio, surgeons, implant manufacturers, and policymakers may mistakenly decide to
continue using such an implant, thereby exposing patients to associated risks.

This camouflage phenomenon was also highlighted in chapter 3, as the Trident II
acetabular system (Stryker, USA) includes different subtypes, referred to as Trident II
Tritanium and Trident Il HA shells. Where the Trident II Tritanium shells are 3D printed, the
Trident Il HA shells are manufactured by a different process of forging and machine finishing
(48). The latter is important, as we know that (small) changes in the manufacturing process
and implant surfaces have been associated with unacceptable long-term failure rates (49-
53). Regarding the Trident Il acetabular system that we studied, Ulrich et al. (54) recently
(incorrectly) assumed that all Trident II shells are produced with 3D printing in a case series
of 2 patients with failure of screw/shell interface, whereas the reported failure concerned a

specific subtype. Not recognizing differences between subtypes within the same general
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brand name may lead to an incorrect hypothesis of the underlying failure mechanism. This
underlines the importance of improving awareness about differences between implant
subtypes within the same implant brand portfolio (55).

Potential camouflage of true clinical outcomes after TKA also needs to be
considered for the implants studied in chapter 4. In the latter study, the Triathlon Tritanium
TKA was compared with its predecessor: the Triathlon TKA. The slight difference in name
may not be noticed by clinicians unfamiliar with the different (sub)types within the
Triathlon implant brand portfolio, and what distinguishes these (sub)types as well as the
impact on patient outcomes. As these are different implants, the cumulative revision
percentages in annual reports of arthroplasty registries is reported separately for TKAs
performed with Triathlon Tritanium implants and TKAs with Triathlon implants (56, 57).
However, to complicate this issue even further, different subdesigns of the Triathlon TKA
implant also exists. For example, uncemented Triathlon baseplates can either be porous-
coated (i.e. uncoated) or coated with peri-apatite (PA) (58, 59). Van Hamersveld et al. (58)
have shown that the type of coating affects implant migration and clinical performance.
Therefore, these implants need to be considered as distinct implants, but annual reports of
arthroplasty registries mostly only report cumulative revision rates for the entire group of
Triathlon implants (56).

In chapter 7 we tried to take potential camouflage of true clinical outcomes of
implant designs into account by performing patient-level analyses using data obtained from
the LROI. In chapter 1 and 7 we already touched upon the study by Hasan et al. (60). As
Hasan et al. (60) obtained the revision risks from annual reports of arthroplasty registers
where survival data is only provided on aggregate implant brand level, these will suffer from
camouflage. In chapter 7 we were able to adjust for different (sub)designs within the same
implant brand portfolio because all product and batch numbers of prosthetic components
and cement are registered in the LROI (61). Thereby, we were able to perform a patient-level
analysis with a more specific and accurate assessment of the performance of distinct TKA
implants. In both chapter 7 and the study by Hasan et al. (60), the same data from a
previously published meta-analysis were used to identify RSA-tested implants. However,
camouflage may also be present there in published RSA studies which frequently report only
a limited description of the prosthesis that was investigated. The latter was confirmed by
our systematic literature search described in chapter 6, where we found that only few RSA

studies on prosthesis migration from the last decade provided a complete detailed

182



Summary, general discussion, and future perspectives

description of all prosthesis components (i.e., not only the component that was studied),
type of cement/coating, and liner characteristics for each study group. To avoid potential
camouflage of true clinical outcomes, both arthroplasty registries and clinical RSA studies
need to improve the reporting of implants’ performance on a more detailed level to enable
assessment of clinical performance of relevant (sub)designs. Furthermore, this thesis
underlines the importance of transparency when (small) changes to an implant design, its
manufacturing process, or packaging method have been made. Different manufacturing
processes or packaging methods of specific implant (sub)designs may influence its clinical
performance (62, 63). The latter is particularly dangerous when the clinical performance of
an implant is affected, but the implant’s name remains exactly the same and the change is

unknown to surgeons using that specific implant (sub)design.

Future perspectives

When acceptable early RSA migration results of a specific implant have been reported,
indicating a low risk of long-term revision because of loosening, this does not exempt
clinicians from continuous careful evaluation of that implant. For that matter, specific
changes to an implant can occur after an RSA study has been performed, influencing its
clinical performance (i.e. camouflage effect). In clinical practice it is often unclear if an
implant is still exactly the same (same manufacturing method, same packing method of all
components, etc.) as a few years ago. Perhaps it would be reasonable in the future to
periodically (i.e. after 10 years) reassess the migration pattern of a subset of all arthroplasty
implants on the market. This thesis highlights the need for more research into the societal
impact of RSA testing of new arthroplasty implants.

Besides clinical evaluation of (new) implant designs, RSA can also be utilized to
assess the influence of other factors on implant fixation like surgical technique (e.g. implant
position, like the constitutional varus position leads to higher tibial component migration)
(64). In chapter 3 we evaluated another aspect like cement mantle thickness, but found no
influence of cement mantle thickness on tibial implant migration. In recent years, the
influence of various other factors on implant fixation has been studied with RSA, including
the influence of patient characteristics, different TKA alignment strategies, and the use of a
tourniquet (64-67). In the future, RSA research may further contribute to optimal patient

specific alignment strategies for arthroplasty components. For example, RSA studies can be

183

Chapter 8



Chapter 8

used to identify the optimal tibial slope for each individual patient undergoing TKA. Such
data could be used in conjunction with robotic-assisted TKA. Although it is yet to be
determined whether robotic-assisted TKA results clinical relevant improved clinical
outcomes, although it does allow for more predictable placement of TKA components (68).
The missing link is obvious which is the optimal component position for which patients.
Robotic surgery combined with data driven healthcare (i.e. kinematic data as well as
morphology of specific patients) will be helpful to optimise outcome, although indication for
arthroplasty and patient expectations are most probably still key for success (9, 30, 69).
Data of specific implant (e.g. total knee) migration may be used as a benchmark
which is publicly available, adding to transparency of objective outcome of specific implants,
comparable to an ODEP classification, or it may be part of such a classification. In the end,

no innovation without evaluation (70).
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Chapter 9

Summary in Dutch (Nederlandse samenvatting)

Het doel van dit proefschrift was om een bijdrage te leveren aan de veiligheid van patiénten
die een arthroplastiek van de knie of heup ondergaan. Naast het evalueren van nieuwe
protheses die recent op de markt zijn verschenen, onderzoekt dit proefschrift de klinische

waarde van migratieanalyse van totale knieprotheses (TKP) en totale heupprotheses (THP).

De klinische uitkomst na een TKP operatie kan op verschillende manieren worden gemeten,
onder andere door objectieve metingen van implantaatmigratie middels RSA, maar ook door
subjectieve uitkomstmaten zoals patiént gerapporteerde uitkomstmaten (PROM’s). Om de
waarde van deze verschillende uitkomstmaten tijdens de follow-up van patiénten na een
TKP operatie beter te begrijpen, is het belangrijk om te weten of deze uitkomstmaten
hetzelfde, of een ander aspect, van de geleverde zorg meten. In hoofdstuk 2 hebben we
onderzocht in hoeverre migratie van TKP implantaten geassocieerd is met postoperatieve
veranderingen in PROM's. Voor deze studie werden individuele implantaatmigratie
resultaten uit 5 gerandomiseerde radiostereometrische analyse (RSA)-onderzoeken
gebruikt, met in totaal 300 patiénten met 6 verschillende TKP implantaten. TKP migratie
werd geévalueerd 3 maanden, 1, 2, 5, 7 en 10 jaar na de operatie. Op dezelfde follow-up
momenten werden de Knee Society Score (KSS)-Knee, KSS-Function, Knee injury en
Osteoarthritis Outcome Score (KOOS) verzameld. De studie liet zien dat migratie van de tibia
component van de TKP niet geassocieerd was met postoperatieve verandering in PROMs
gedurende de gehele follow-up. Onze bevindingen suggereren dat implantaatmigratie,
gemeten met RSA, een andere aspect van de klinische prestatie van een TKP implantaat meet
(d.w.z. implantaat-botfixatie) dan PROM’s (d.w.z. door de patiént waargenomen subjectieve
uitkomst). Daarom is het onvoldoende om de Kklinische uitkomst na een TKP operatie alleen

met PROM'’s te evalueren.

Gerandomiseerde klinische studies (RCT's) zijn belangrijk om bewijs van hoge kwaliteit te
leveren over de prestaties en veiligheid van nieuwe implantaten en om besluitvorming in de
klinische praktijk te ondersteunen. Door RSA te gebruiken in RCT’s, hoeft er slechts een
beperkt aantal patiénten te worden geincludeerd omdat RSA een zeer nauwkeurige
meetmethode is. Dit proefschrift draagt bij aan het klinische bewijs van nieuwe implantaten

door twee RCT's uit te voeren en daarbij RSA te gebruiken. In hoofdstuk 3 analyseerden wij
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het migratiepatroon van een nieuw cementloze hydroxyapatiet (HA)-gecoate titanium
acetabulum cup in patiénten die een THP kregen. Zevenentachtig patiénten werden
gerandomiseerd naar een Trident II HA of een Trident HA cup, allebei cementloze,
clusterhole en HA-gecoate cups. Implantaatmigratie werd geévalueerd met RSA op 3, 12 en
24 maanden na de operatie. PROM's en klinische scores werden verzameld bij elke follow-
up als secundaire uitkomstmaten. Gedurende de 2 jaar durende follow-up periode waren
klinische scores en PROM's vergelijkbaar tussen de groepen. De nieuwe Trident II HA cup
liet vergelijkbare migratie met zijn voorganger, de Trident HA cup, zien. Deze bevindingen
suggereren een vergelijkbaar risico op aseptische loslating op de lange termijn. In
hoofdstuk 4 vergeleken we de middellange termijn migratie van een nieuwe cementloze
driedimensionale (3D)-geprinte TKP met een conventioneel geproduceerde gecementeerde
TKP. Voor deze studie werden 72 patiénten gerandomiseerd naar de cementloze of
gecementeerde TKP. RSA-réntgenfoto's werden gemaakt 3 maanden, 1, 2 en 5 jaar na de
operatie. Secundaire uitkomsten waren de KSS, KOOS en de Forgotten Joint Sore (F]S). We
toonden aan dat er geen significant verschil was in implantaatmigratie 5 jaar na de operatie
tussen het cementloze en gecementeerde TKP. Enige toename van migratie van de
gecementeerde TKA was echter wel aanwezig na 2 jaar, terwijl de cementloze 3D-geprinte
TKP stabiel bleef. Er werden geen significante verschillen gevonden tussen beide protheses

gedurende de gehele follow-up periode voor de KSS, KOOS en FJS.

Om ervoor te zorgen dat RSA studies betrouwbaar bewijs leveren over de Kklinische
prestaties van implantaten, is consistentie in de uitvoering en rapportage van klinische RSA
studies essentieel. Dit proefschrift draagt bij aan de methodologie en de kwaliteit van
rapportage van klinische RSA studies. In hoofdstuk 5 werd de impact van het gebruik van
verschillende marker-selectiemethoden tijdens RSA-analyses op TKP migratieresultaten
bepaald door alle RSA rontgenfoto's van de RCT die in hoofdstuk 4 werd gepresenteerd
opnieuw te analyseren. Alle RSA rdntgenfoto's werden geanalyseerd met zowel een
consistente set markers tijdens de volledige follow-up periode (consistent-markermethode)
en met alle beschikbare markers bij elke follow-up die konden worden gekoppeld aan de
referentie rontgenfoto (all-markermethode). Tevens werd de migratie berekend met behulp
van 5 fictieve punten op de prothese, welke werden geplaatst op basis van de consistent-
markermethode of all-markermethode. Wij lieten zien dat de geschatte verschillen in

migratie op groepsniveau niet veranderden bij het gebruik van de consistent-
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markermethode of all-markermethode, of bij gebruik van 5 fictieve punten. Individuele

implantaatmigratiemetingen waren echter wel verschillend tussen de methoden.

Aan het einde van hoofdstuk 5 adviseerden wij dat RSA studies de markerselectiemethode
(die is gebruikt) moet rapporteren als onderdeel van de gestandaardiseerde output, om
vergelijking tussen Klinische studies mogelijk te maken. Onze aanbeveling is recent
opgenomen in de nieuwe richtlijn voor RSA en CT-RSA implantaatmigratie studies. In
hoofdstuk 6 onderzochten wij in hoeverre gepubliceerde klinische RSA-studies van het
afgelopen decennium zich aan de RSA richtlijn houden. In totaal werden 285 RSA-studies
opgenomen in onze systematische review, waarbij de meeste studies de prothesemigratie in
het heup- of kniegewricht hadden onderzocht. Wij lieten zien dat RSA studies zich slechts
beperkt hielden aan de RSA richtlijn checklist items. Omdat adequate rapportage een
voorwaarde is om de methodologische kwaliteit van een onderzoek te kunnen beoordelen,
moeten klinische RSA studies zoveel mogelijk van de checklistitems uit de RSA richtlijn
rapporteren. Om de kwaliteit van rapportage van toekomstige onderzoeken te verbeteren,
moeten RSA onderzoekers op de hoogte zijn van alle checklist items uit de richtlijn. Aan het
einde van hoofdstuk 6 hebben wij verschillende verduidelijkingen voorgesteld voor de RSA
richtlijn checklist, om de bruikbaarheid hiervan in toekomstige klinische RSA studies te
verbeteren. Als vroege implantaatmigratieresultaten, gemeten met RSA, van nieuwe
implantaten met een verwacht hoog revisierisico op de lange termijn resulteren in minder
frequent gebruik van deze implantaten in de klinische praktijk, zullen minder patiénten
worden blootgesteld aan slecht presterende implantaten. Theoretisch zouden hierdoor
alleen goed presterende implantaten op de markt overblijven. Dit proefschrift evalueert de
klinische prestaties van implantaten die zijn getest in onderzoeken met RSA en vergeleken

deze prestatie met implantaten die niet zijn getest met RSA.

Hoofdstuk 7 onderzocht het effect van RSA metingen van TKP implantaten op het
revisierisico op de lange termijn in Nederland, door gebruik te maken van data uit het
Landelijke Registratie Orthopedische Interventies (LROI). Voor deze studie werden alle
primaire TKP procedures tussen 2007 en 2016 uit de LROI geincludeerd. In totaal werden
83,836 RSA-geteste en 104,105 niet-RSA-geteste TKP’s geincludeerd. Wij ontdekten dat het
cumulatieve risico op TKP revisie voor de RSA-geteste groep na 5 en 10 jaar, respectievelijk,

2.2% en 3.6% waren, vergeleken met 2.5% en 3.3% voor de niet-RSA-geteste groep. Als wij
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specifiek kijken naar het revisierisico als gevolg van aseptische loslating, lieten de RSA-
geteste TKP implantaten ook een hogere revisierisico op 10 jaar zien dan de niet-RSA-
geteste implantaten (respectievelijk 1.8% versus 1.4%). Onze bevindingen lieten zien dat
RSA-geteste TKP implantaten geen lager revisierisico op de lange termijn hadden dan niet-
RSA-geteste TKP implantaten in Nederland. Dit laatste is hoogstwaarschijnlijk te wijten aan
het modificerende effect van een kwaliteitsbeoordelingssysteem dat adviseert om alleen
hoogwaardige (d.w.z. lage revisiepercentages na 5 en 10 jaar) orthopedische implantaten in
Nederland te gebruiken (Nederlandse Orthopedische Vereniging (NOV) kwaliteitssysteem,
later ODEP).
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