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Opening remarks — These guidelines are the result of dis-
cussions within a diverse group of RSA researchers. They
were approved in December 2023 by the board and selected
members of the International Radiostereometry Society to
update the guidelines by Valstar et al. [1]. By adhering to these
guidelines, RSA studies will become more transparent and
consistent in execution, presentation, reporting, and interpre-
tation. Both authors and reviewers of scientific papers using
RSA may use these guidelines, summarized in the Checklist,
as a reference. Deviations from these guidelines should have
the underlying rationale stated.

Since its introduction in 1974 [2], radiostereometric analysis
(RSA) has been used and is a valuable tool to assess migration
of joint replacements (prostheses) with sub-millimeter and
sub-degree accuracy [3,4]. The high accuracy of RSA allows
for relatively small study groups to obtain clinically relevant
results. Migration of joint replacements is an early phase of
loosening, making measurements of implant migration an
important tool to assess one important aspect of their perfor-
mance: prosthesis—bone fixation [5-7]. Migration analysis is
important for the evaluation and phased introduction of new
prosthesis designs and surgical techniques as it provides an
early warning for aseptic loosening, and therefore potentially
prevents the introduction and continuation of inferior prosthe-
ses [5,6,8-13]. In addition, RSA is also considered the most

accurate method to measure hip and knee prosthesis liner wear
in vivo [14-18], to study skeletal growth [19,20], fracture heal-
ing [21-23] and other fields of research, such as endovascular
stent migration [24].

In 2005, guidelines for the standardization of RSA of
implants were published to facilitate consistency in the execu-
tion, presentation, and interpretation of RSA migration studies
[1]. In 2013, the ISO standard on RSA of implants was pub-
lished [25]. Since then, knowledge and experience in clinical
RSA studies have increased.

Migration assessment methods have been further developed
and introduced such as model-based RSA, line-emitted scan-
ning radiography (EOS)-based migration measurements, and
computed tomography (CT)-based migration measurements
(CT-RSA) [26-34). Recent developments in CT-RSA have
shown that CT-RSA has high potential to become an alterna-
tive to the classical marker-based RSA as it seems to have
similar accuracy and it does not require markers or a calibra-
tion box. The main limitation of CT-RSA is the higher radia-
tion dose [35]. In addition, artificial intelligence (Al), which is
a very useful tool in image analysis [36], is rapidly developing
to measure prosthesis migration in both CT [37] and standard
clinical radiographs [38]. While there seems to be an increas-
ing role of Al in orthopedic image measurements as well as to
analyze these measurements [39-42], it is increasingly impor-
tant to unbox the black box of Al so that Al-based conclusions
are explainable to doctors and patients [43,44].
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CHECKLIST. This reporting checklist is intended to serve as a checklist table specifically for prosthesis migration studies as an addition
to the CONSORT [107] or STROBE [108] guidelines or any other guideline depending on study type. The items presented here should be
viewed as the minimum. Authors are encouraged to provide additional information when deemed necessary.

Section/topic

Checklist item

Page
reported

Title and abstract

Study details

Study groups

Follow-up

RSA technique

CT-RSA technique

Identification Identification as a radiostereometric analysis (RSA) study or
CT-based radiostereometric analysis (CT-RSA) study in the title.
Identification as a radiostereometric analysis (RSA) study or
CT-based radiostereometric analysis (CT-RSA) study in the abstract and keywords.
Methods

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

First and last inclusion (e.g., March 1998—December 2000).
Country and hospital(s) where surgeries were performed.
Number of surgeons (and number of surgeries per surgeon) that performed the surgeries

Detailed description of prosthesis, cement/coating, and liner characteristics for each study group.

Report whether the first postoperative examination was obtained before or after weightbearing.
Mean number and SD of days between surgery and the baseline RSA examination.
Mean number and SD 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).

Software used, including version number.

Location and orientation of the migration coordinate system.

Use of fictive/feature points to calculate MTPM.

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

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
Study flow

Outcome

Revision/failures

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) were missing or
excluded; 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.

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.

Unmodelled (raw data) of translation, rotation, and MTPM results: mean, n, and one of the following
[Cl, 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.

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

Migration values at last follow-up before revision or failure.

Abbreviations: RSA: radiostereometric analysis, CT: computed tomography, DPI: dots per inch, CR: computed radiography, DR: digital radi-
ography, mAs: milliAmpere-seconds, mSv: milliSievert, SD: standard deviation, n: number (of measurements), MTPM: maximum total point
motion, Cl: 95% confidence interval.
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Some studies have suggested that improvements to the 2005
RSA guidelines are required to ensure better adherence in the
future to common standards [45,46]. For these reasons, an
update on the guidelines for standardization of implant migra-
tion measurements is required, including recommendations
for CT-RSA.

Terminology

Radiostereometric analysis (preferred medical subject head-
ings [MeSH] term), radiostereometry, and roentgen stereopho-
togrammetric analysis are synonyms and their common abbre-
viation is RSA. RSA can be further categorized as marker-
based RSA, using only markers [2], model-based RSA, using
shape matching of a 3-dimensional (3D) model to define the
position and orientation of the prosthesis or bone [26], and
marker-free RSA without using any markers [32].

We suggest the use of the name CT-RSA for measuring
migration by means of computed tomography. CT-RSA brings
both new possibilities and challenges to prostheses migra-
tion measurements. It differs from standard RSA with both
strengths and weaknesses, which it is worthwhile to elucidate
[35]. As the body of knowledge for CT-RSA is growing rap-
idly, this method will be addressed in this paper as well.

Migration is defined as prosthesis displacement over time,
whereas inducible displacement is defined as displacements
occurring instantaneously (reversible or irreversible) as a
result of an external load such as weightbearing [47-51].
Further terminology on migration measurements is provided
in the relevant sections of this paper.

Markers

In RSA, spherical tantalum markers, typically 0.5, 0.8, or 1
mm in diameter, are used to provide well-defined reference
points [52,53]. The markers are inserted into the bone around
the prosthesis intraoperatively. At least 3 non-collinear mark-
ers are necessary in each rigid body (e.g., prosthesis and
bone) to measure translations and rotations. Markers can
be occluded (e.g., by the metal prosthesis), end up outside
the field of image, or become unstable over time. To ensure
the precision and sustainability of the markers, it is there-
fore advised to insert 5—8 markers into each bone, close to
and preferably well dispersed in 3 dimensions around the
prosthesis (Figure 1). For marker-based RSA, markers are
attached to the prosthesis, or inserted into the polyethylene
component of the prosthesis. When placing markers in a
polyethylene component intraoperatively, it is strongly rec-
ommended to use a guiding device to place the markers at
predetermined optimized locations [54,55], which are in the
non-weightbearing zones of the liner. Because of complexi-
ties in marker placement, the number of attached prosthesis
markers is usually kept to a minimum (in most instances 3
markers). However, for reasons of increased demands on
certification, implant manufacturers do not attach markers to
the prostheses any longer. For model-based RSA, prosthesis

&
i

Figure 1. Knee (A) and hip (B) prosthesis with bone markers and pros-
thesis markers (blue) on the tibial component of the knee and femoral
component of the hip.

B

markers are not necessary [26,56,57], and for CT-RSA, neither
bone nor prosthesis markers are necessary [30,35].

The stability and distribution of markers within a rigid body
influences the accuracy of the migration calculation. The
mean error of rigid-body fitting (ME) is commonly used to
assess the stability of markers over time. It is the root mean
square of the differences in positions between the reference
markers in the baseline examination and their matching mark-
ers in the follow-up examination after applying the rigid-body
transformation that aligns these follow-up markers to the ref-
erence markers [25,58,59]. We recommend 0.35 mm to be the
upper limit for ME [1].

The distribution of markers relative to collinearity can be
assessed using the condition number (CN) [25,60]. High CNs
indicate poor marker distributions, while low CNs indicate
appropriate marker distribution [60]. Based on long experi-
ence from the Swedish RSA research groups, we recommend
that the upper limit for the CN for total hip arthroplasty (THA),
total knee arthroplasty (TKA), unicondylar knee arthroplasty
(UKA), and total shoulder arthroplasty (TSA) studies is 120
mm-! [1]. For smaller joints, the anatomy limits the distribu-
tion of markers, making use of higher CNs necessary [61]. In
these cases, and as a general rule, it is essential to validate the
precision of the measurements using double examinations.

For RSA, either a consistent set of markers throughout sub-
sequent RSA examinations (“consistent-marker method”) or
all available markers at each follow-up that can be matched to
the baseline RSA image (“all-marker method”) can be used.
At the group level, there seems to be no significant differ-
ence, but at the individual patient level, the consistent-marker
method provides more consistent results [62]. Using the con-
sistent marker method may alter migration results at earlier
timepoints when markers become unstable or occluded at
later timepoints and newer analysis may use fewer markers
for migration calculation, changing the results with respect



Acta Orthopaedica 2024; 95: 256—267

259

Figure 2. RSA uniplanar setup consisting of a calibration cage under-
neath the prosthesis of interest and 2 roentgen tubes angled at a 40°
angle to each other. The roentgen detectors are placed in a slot below
the calibration cage.

to the earlier analysis (e.g., 5 years’ follow-up after 2 years’
follow-up publication).

To avoid missing data as a result of CN and ME thresholds,
as well as the marker selection method, appropriate solutions
should be used such as the marker-configuration model [63].
In some cases, higher CNs may also be accepted in combi-
nation with sufficient (4 or more) stable markers (low ME).
We suggest performing statistical analysis on the data meeting
the ME/CN criteria as stated in the protocol (reduced/more
concise data set), and in addition, a second analysis using all
available data including CNs above the criterion (complete
data set). Differences between the 2 analysis methods should
be discussed.

In RSA, the ME and CN are quality measures that provide
internal validation of the measurements. A current shortcom-
ing of CT-RSA is that generally accepted quality measures
currently do not exist [35]; although first proposals have been
described in the literature to quantify quality of CT image reg-
istration [64], they require more extensive studies.

Radiographic setup

The radiographic setup for model-based/marker-based RSA
consists of the calibration cage (or calibration box) in com-
bination with the X-ray equipment. The calibration cage con-
tains markers at known positions and is used to define the
global coordinate system, calibrate the roentgen images, and
calculate the positions of the 2 roentgen foci. For hips and

shoulders, a uniplanar setup is most commonly used, meaning
that the 2 roentgen detectors are positioned side-by-side with
an approximately 40° angle between the roentgen beams [65-
67] (Figure 2). For knees and most other joints in the extremi-
ties, either a uniplanar or biplanar setup is used. In a biplanar
setup, the 2 roentgen detectors are, most commonly, placed at
a 90° angle relative to each other. Apart from the radiographic
setup, it is also important to describe the detector type (digital
radiography [DR], computed radiography [CR], or scanned
analogue roentgen films) [68]. For all systems, the spatial- and
grayscale resolution are related to the precision of the analy-
sis. A minimum of 150 dots per inch (DPI) and a minimum
grayscale resolution of 8 bits is recommended [69]. New or
alternative radiographic setups need to be properly validated
before being used in clinical migration studies [70].

RSA radiographs are usually made with non-conventional
(i.e., non-anatomic) projection directions and roentgen set-
tings (high voltage [V] and low milliampere-seconds [mAs]).
Therefore, RSA radiographs are typically not used for diag-
nostic purposes. In general, the effective radiation dose of an
RSA radiograph is lower than that of a standard radiograph
[68,71,72]. Due to the low radiation dose, RSA studies usually
fall in “Category I: Effective doses less than 0.1 millisievert
(mSv) (adults)” according to European Union (EU) regula-
tions. This level of risk is considered to be trivial [73].

CT-RSA does not require a calibration cage. A slice thick-
ness < 1.0 mm is recommended [35], as is a pixel size < 0.5
mm and a scan protocol using metal artefact reduction. For
CT-RSA it is important to provide information regarding the
CT scanner brand and model (cone beam or regular CT),
scan protocol, voxel size, slice thickness, kVp (V) exposure
(mAs), and whether metal artifact reduction was employed.
While the method is compatible with lower-than-usual CT-
radiation doses, the resultant effective dose is non-trivial [73];
an account of the radiation dose for each CT-RSA study is
therefore important.

Coordinate systems

For RSA, the global coordinate system is defined by the cali-
bration cage. Usually, in standard patient positioning, the
X-axis points to the left side of the patient, the Y-axis is supe-
rior, and the Z-axis anterior. For CT-RSA the standard Digital
Imaging and Communication in Medicine (DICOM) coordi-
nate system is used with the X-axis pointing to the left side
of the patient, Y-axis to posteriorly, and the Z-axis superiorly
(Left—Posterior—Superior, LPS). Note that the CT-RSA coor-
dinate system is different from the RSA coordinate system
(Figure 3).

To describe prosthesis migration, one option is to use a
migration coordinate system that is aligned with the anatomy
of the patient. The default RSA migration coordinate system
is always based on migration of implants in the right-hand
side of the patient. The X-axis points medially, the Y-axis
superiorly, and the Z-axis anteriorly (Figure 4). The origin
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RSA coordinate system CT coordinate system

RSA coordinate system

Figure 3. (A) The RSA migration coordinate system for a right-sided
tibia with X-axis pointing medially, Y-axis pointing superiorly, and
Z-axis pointing anteriorly. (B) The CT migration coordinate system for
right-sided tibia with X-axis pointing medially, Y-axis pointing posteri-
orly, and Z-axis pointing superiorly.

of the migration coordinate system is defined in the baseline
examination and should be positioned at a location in the
migrating rigid body (prosthesis) that facilitates interpreta-
tion of translations. It is important that the origin and orien-
tation of the migration coordinate system remains the same
within a patient for all follow-up moments. Ideally, it should
also be the same between different patients. The geometri-
cal center of the rigid body is commonly used as origin [2].
Note that by having the patient aligned with the calibration
cage, the migration coordinate system is also aligned with the
global coordinate system for RSA. For CT-RSA, the patient is
aligned with the CT scanner, thus the default migration coor-
dinate system for CT-RSA is aligned with the DICOM LPS
coordinate system. To avoid confusion, an anatomic descrip-
tion of the coordinate system, such as medial, superior, ante-
rior, should be included and used to describe migration in
all clinical papers. Migration results of left-sided prostheses
have to be converted into the right side before results can be
aggregated into group results (Figure 4).

A non-anatomic alignment of the rigid body (prosthesis)
of interest to the global coordinate system is an alternative
approach that might be advantageous to visualize markers
[74], reduce the registration error [75], obtain migration results
with higher clinical relevance, and/or reduce noise caused by
kinematic cross-talk [76-78]. It is then required that an adjusted
position and orientation of the migration coordinate system be
used and described.

Migration

Implant migration is measured over time relative to a baseline
examination made postoperatively. It is calculated in 2 steps:
first, the reference rigid body (bone) in the follow-up exami-
nation is aligned with the corresponding reference rigid body
in the baseline examination by applying a transformation.
This removes the difference in patient position and orientation

Figure 4. The RSA migration coordinate system for a right-sided (A)
and a left-sided (B) tibia. For left-sided tibias, translations in the X-axis
direction, and rotations about the Y-axis and Z-axis must be multiplied
by minus one to convert them to right-side tibias. For the CT coordi-
nate system (shown in Figure 3B), translations in the X-axis direction,
and rotations about the Y-axis and Z-axis must be multiplied by minus
one to convert them to right-sided tibias.

between baseline and follow-up. The same transformation is
applied to the migrating rigid body (prosthesis) in the follow-
up examination. The remaining difference in position and ori-
entation of the migrating rigid body between the baseline and
transformed follow-up examination represents migration [78].
Ideally, the position of the patient should be as uniform as pos-
sible between examinations to minimize errors [79,80].

To calculate migration, for example from 1-year follow-
up to 2-year follow-up, for each patient, the migration at the
1-year follow-up is subtracted from the migration at 2-year
follow-up, as opposed to recalculating migration at 2-year
follow-up using the 1-year follow-up as baseline examination.

Rigid-body motion

There are different methods to quantify migration. The most
informative method is rigid-body motion describing the
motion of the whole rigid body (prosthesis) using 3 transla-
tions and 3 Euler rotations. Rigid-body motion is fully depen-
dent on the position and orientation of the migration coor-
dinate system. The 3 translations are the translations of the
origin of the migrating coordinate system along the axes of
the migrating coordinate system, and the Euler rotations are
about the axes of the migrating coordinate system in body-
fixed XYZ sequence [2].

Rigid-body translations can be summarized by a single
value, total translation (TT), corresponding to the length of the
translation vector, which can be calculated using the Pythago-
rean theorem. The same applies to rigid-body rotations, which
can be presented as total rotation (TR). Note that the Pythago-
rean theorem can only be used to summarize small (i.e., < 5°)
rotations [2].

Point motion

Point motion describes the translation of specific points on the
prosthesis such as the tip of the hip stem in THA migration
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studies [81,82] or the medial and lateral points on tibial base-
plates for TKA migration studies [83,84]. These points can be
added as fictive points, or feature points, to the rigid bodies in
the analysis software. Similar to rigid-body motion, the point
motion can be summarized by its vector length.

Maximum total point motion (MTPM)

MTPM is defined as the length of the translation vector cor-
responding to the point on the prosthesis that has moved most,
disregarding its location. For model-based RSA, the large
number of points on the outer surface ensures that the maxi-
mum motion is always captured. If the number of available
points on the implant is limited, such as with the use of fic-
tive points and/or marker-based RSA, MTPM refers to the
fictive point/marker that has moved most [85]. Note that the
use of a consistent set of fictive points is advised for marker-
based RSA and CT-RSA in order to create a consistent set of
points to calculate MTPM, especially at an individual patient
level [62]. MTPM is the most frequently used metric to pres-
ent TKA migration. A great advantage of MTPM to present
motion is that it is not dependent on the migration coordinate
system being used and that it is a summary measure. It makes
no assumptions of the migration failure mechanisms, and it is
very sensitive for picking up migration because it is a sum-
mary measure. Note that with MTPM, the point of measure-
ment may not only differ between patients, but also within
the same patient over time. Other drawbacks of MTPM, being
an unsigned value such as TT and TR, is that the direction of
motion is unknown, and it is a biased metric as mean MTPM
increases with increased measurement errors and larger
implant size [85].

Be aware that to assess the average direction of prosthesis
migration in a group of patients, motions in opposite direc-
tions for individual patients might result in the mean motion
being zero while there is significant motion in each individual
patient [86]. For this reason, it is recommended to use signed
values for translations and rotations, including values of the
data scatter, and to also include MTPM, and/or TT, TR, or the
vector length of point motion, in cases where absolute values
are required.

Accuracy

The high accuracy of RSA is the main reason why small-scale
studies can be performed. Accuracy is defined by trueness and
precision, also known as bias or systematic error and random
error respectively. Trueness is the closeness of agreement
between the mean value obtained from a large series of test
results and an accepted reference (the “true” or “gold stan-
dard”) value. Precision is the closeness of agreement between
independent test results obtained under stipulated conditions
[87,88]. When introducing a new RSA method or equipment,
it is important to determine the accuracy of the method in a
phantom experiment. The phantom should be able to apply a
translation and/or rotation in/about as many axes as possible,

preferably X, Y, and Z to a migrating rigid body (prosthesis)
relative to a reference rigid body (bone) with an accuracy that
is at least an order of magnitude (10x) better than that of the
assessed migration measurement method (a “gold standard”
method). For this, different phantoms using micro-manip-
ulators have been developed and used [17,18,32,67,89,90].
We recommend presenting the accuracy results as the mean
(i.e., bias) and standard deviation (i.e., random error or preci-
sion) of the differences in signed translations and rotations as
well as the unsigned MTPM, and/or TT and TR between the
gold-standard and measured values. To compare 2 methods
for calculating migration in the absence of a gold standard,
the Bland—Altman method is recommended [91]. For study-
ing specific aspects of migration accuracy, digital simulation
studies can be a valuable tool [85,92].

In clinical studies, bias and random error can be assessed
by so-called “double examinations.” Double examinations
are 2 X-ray (RSA) examinations of the same patient that are
made on the same day with the patient and equipment repo-
sitioned within limits that are expected to be encountered
during a clinical follow-up study. In this short time interval,
the prosthesis is not expected to have moved with respect
to the reference bone. However, due to measurement errors,
motion could be measured/calculated. Both bias and random
error can be calculated by using one of the double examina-
tions as a baseline examination and computation of the migra-
tion between the 2 examinations [93]. As the actual motion is
assumed to be zero, “accuracy of zero motion” is also used to
indicate the migration results of double examinations. When
presenting the results of double examinations, a table contain-
ing the number of double examinations, the mean (i.e., bias)
and standard deviation (i.e., random error or precision) of the
migration calculations for all outcome variables, and for each
group in the study (including 3 translations, 3 rotations, TT,
TR, and MTPM if applicable) should be included. As double
examinations are important for correct interpretation of the
migration results, it is highly recommended to include double
examinations for all study patients. In the case that only a lim-
ited number of double examinations is allowed by the medical
ethics committee, this should be stated in the manuscript; a
minimum of 25% of the study patients is recommended and
selection bias should be avoided. A timepoint at 1-year follow-
up or earlier is recommended to avoid patients being lost to
follow-up for the double examinations. For CT-RSA, double
exams are currently also recommended, although future stud-
ies should investigate that for CT-RSA double exams are not
necessary, or can be replaced by intra-segmental migration
results or another alternative [64].

Clinical study: recommendations/practical issues

Pre-clinical study

e A phantom experiment before starting a clinical study is
recommended to optimize marker placement and estimate
precision [26].
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Patient position

* Supine examinations for implant migration [79].

¢ Loaded examinations for TKA wear/kinematics [15,94].

» Supine examinations may be sufficient for THA wear [16].

Baseline examination

* Immediately postoperatively, before weightbearing is pre-
ferred.

* In clinical practice, as early as possible, within 2 weeks
postoperatively.

» All patients have the same loading protocol, i.e., before or
after weightbearing.

* Specify mean and SD of days between surgery and baseline
RSA examination, before or after weightbearing and before
or after hospital discharge in the manuscript.

* In cases where the baseline examination was made longer
than 2 weeks postoperatively, migration values are likely
not comparable with migration values (including migration
thresholds) from the literature using a baseline examination
within 2 weeks postoperatively. This should be mentioned
in the discussion as a study limitation and should be made
explicitly clear in the figures (axis) and abstract as well.

Follow-up examinations

* A minimum of 2 follow-up examinations to measure a
migration pattern is required.

* A minimum of 2 years for implant migration studies.

* A minimum of 5 years for THA and TKA wear studies
[14,95].

* Timepoints at 6 weeks, 3, 6, 12, and 24 months postopera-
tively (time-window: +2 weeks for timepoints before 12
months, and £10% for timepoints at 12 months and later).

* Timepoints at 5, 7, 10, 15, and 20 years for mid- and long-
term studies.

* Present mean number and SD of days for the primary out-
come (e.g., 24 months postoperatively).

Number of patients

e Calculate the sample size for every clinical randomized
controlled RSA trial (see Appendix 1).

* Adjust the sample size to compensate for possible dropouts,
including RSA technical issues such as: poor bone-marking,
poor image quality, markers being superimposed (occluded)
by prostheses, etc.

* Analyze baseline examinations as soon as possible and
exclude the patients who have unsuitable baseline exami-
nations from further follow-up RSA examinations (sec-
ondary exclusion criteria) to prevent unnecessary radiation
exposure for these patients. However, these patients should
remain in the study for proper follow-up of other study
parameters.

* In some studies, excluded patients are replaced by continu-
ing patient inclusion until the desired number of patients
with sufficient postoperative data quality is reached. Make
sure to adjust the study protocol accordingly to prevent
medical ethical issues concerning the number of patients
included in the study.

¢ In the CONsolidated Standards of Reporting Trials (CON-
SORT) or Strengthening the Reporting of Observational
Studies (STROBE) flow diagram, all missing migration
results in the follow-up caused by technical issues should be
mentioned in the analysis section of the diagram, as this is
important to assess whether selection bias such as attrition
bias may have occurred.

Analysis of results

In general, studies of prosthesis migration include compara-
tively few patients who undergo repeated measurements. For
these types of studies, it is advised to use suitable statistical
analysis techniques such as (generalized) linear mixed models
[96]. We recommend presenting migration results on a group
level as mean and 95% confidence interval (CI) of the mean.
For comparative studies, the migration difference (mean and
CI) between the groups should also be presented.

Interpretation of results

Migration, calculated by RSA, is a validated surrogate marker
for long-term primary joint replacement outcomes in terms of
aseptic loosening [97-100]. It can be applied to a wide range of
purposes including early implant safety studies [5], screening,
and diagnostics of implant loosening [101]. The application
of RSA to different purposes requires that researchers, clini-
cians, clinical guideline developers, systematic reviewers, and
patients be aware of the scenario that applies to a particular
study purpose to interpret the results correctly.

Implant safety studies

When RSA is used for implant-bone fixation safety studies,
early migration at a group level (e.g., mean migration indices
during early follow-up) is used to estimate the revision rate
in the future for a particular implant, technique, or fixation
method with corresponding confidence intervals. This estimate
of revision is subsequently compared with a benchmark (e.g.,
mean revision rate in national joint registries) to determine
whether the implant is likely to be more or less safe regarding
the risk of revision for aseptic loosening. However, in real-
ity, the RSA migration is compared with migration thresholds,
which are used as substitutes for revision rates [11,98,102,103].
The emphasis on implant safety studies lies on safety and
therefore strict thresholds are required. Since TKA and THA
have reached the plateau phase in a so-called hype cycle, the
risk of a new design is generally greater than the (promised)
benefit [104]. Hence a strict approach seems justified to reduce
the risk of introducing implants to the market that later turn
out to be unsafe [5]. The potential disadvantage of a strict
approach is that some safe implants could initially be classified
as “at risk” or as “unsafe,” therefore delaying or halting their
clinical use. However, the alternative of a less strict approach
would increase the risk of initially classifying some unsafe
implants as safe, which could potentially be a disaster for
patients and could even undermine the credibility of research
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regarding implant safety. The latter stresses the importance of
a national arthroplasty register alongside the early warning of
implant migration studies. It should be stressed that implant
safety studies provide information on a group level, not on
individual patient level. To make statements on the number (or
percentage) of patients (implants) with a particular classifica-
tion, such as number of patients with continuous migration,
“at risk” or “unacceptable” requires a high number of study
patients to create statistically significant results [86], which is
usually not the case in standard RSA studies.

Implant screening studies

When RSA is used in the scenario of screening, the implant
migration is measured in patients without symptoms or signs
with the purpose of estimating the future risk of implant revi-
sion or clinical failure for that patient. Typically, the migra-
tion of the patients is classified, at a patient level, as continu-
ous migration (e.g., more than a chosen threshold) or stable
(less than a chosen threshold) during the second postoperative
year [11]. Reaching a plateau phase after initial migration is
more important than the time point of reaching the plateau
phase. It is important to realize that the posterior (post-test)
probability (risk of implant loosening) depends on the a priori
probability (overall revision risk) and results of the test (clas-
sification as continuously migrating or not). This is elaborated
in Supplementary data where it becomes apparent that the
estimated 10-year risk of revision for 2 patients with different
implant designs can be very different (17% versus 62%) while
the RSA results (classification as continuously migrating) are
the same, due to the differing overall revision rates for the 2
implant designs.

Implant diagnostic studies

When RSA is used in the scenario of diagnostics, the migra-
tion or inducible displacement of implants is measured in
patients with symptoms or radiological signs with the purpose
of determining whether the implant is loose or not. Since the
patient has symptoms or signs (e.g., pain on weightbearing
and progressing radiolucent lines on radiographs), the a priori
risk of loosening is much higher than in a screening scenario
where patients do not have complaints. Inducible displace-
ment holds great promise for diagnostics because it provides
information on implant fixation from measurements from a
single follow-up (e.g., during loading/standing) and is corre-
lated to RSA-measured implant migration [48,105,106].

It is important to realize the differences between screening
and diagnostics versus implant safety studies. Screening and
diagnostic studies focus on the individual patient, in a clini-
cal setting, and are mostly designed to diagnose—rule in—
pathology, while implant safety studies focus on the implant,
standardized surgical techniques, or method of fixation, which
is a group-level factor, and are designed to ensure safety for
patients by ruling out unsafe —disaster—implants with regard
to implant stability.
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Appendix

Sample size calculations

An important aspect when designing RSA studies is a sample
size calculation. For example: how many total knee arthro-
plasties are needed to detect a clinically meaningful difference
in migration? Although advanced statistical methods such as
generalized linear mixed models are often used in RSA studies
[96], the statistical test on which the sample size calculation
is based is often a standard independent samples t-test for the
migration at final follow-up.

Figures 5-7 show the relation between power and sample
size and can be used by researchers as a tool to help determine
the sample size for an RSA study [109,110]. The graphs for
Figures 5-7 were generated using the R package (R Founda-
tion for Statistical Computing, Vienna, Austria) “pwr.”

Assuming that the standard deviations (SD) are different,
the sample size is determined for each group/treatment arm.
The lines represent an expected clinical meaningful mean dif-
ference between groups of 0.5 mm (purple), 0.4 mm (blue),
0.3 mm (green), and 0.2 mm (brown). SD is the standard devi-
ation of the expected outcome. It is important to realize that
the SD should also include the biological variation and hence
it is not the same as the standard deviation obtained from the
double examinations or a phantom experiment. As the SD is
unknown at the start of the study, an estimation is made. In this
example, the mean SD (MTPM at 1 year) from a systematic
review was used [10], but in other studies it is advised to select
an SD from historical data from a previously published study
of similar prosthesis design. Figures 6 and 7 show the effect of
different SDs for cemented and uncemented implants, respec-
tively, on the sample size calculations. The red horizontal lines
indicate the 80% and 90% power levels. The sample size cal-
culations in these figures are based on mean MTPM at 1 year
with alpha = 0.05.

Statistical methods that use the repeated measures design
of RSA studies have more statistical power than the t-test
that was used for the sample size calculations in Figures 5-7
and thus require a smaller sample size [111]. However, miss-
ing values (RSA examinations) decrease the power of a study
and could occur for RSA studies due to technical issues, e.g.,
insufficient markers visible or patients who are lost to follow-
up, miss a follow-up, or are revised during the study period. It
is therefore advisable to increase the sample size by, e.g., 10%
to account for possible missing values.

7

0.6

0.4

All TKA
SD = 0.56 and
mean difference

0.5 mm

0.4 mm

0.3 mm

0.2 mm

0.2 1

0 T T T T
0 20 40 60 80 100

Sample size/group

Figure 5. Relation between power and sample size for all TKAs with
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Figure 6. Relation between power and sample size for cemented TKAs
with the standard deviation (SD = 0.42) of the expected outcome.

Power
" /
0.8 / /
0.6
0.4 —]
. Uncemented TKA
SD=0.76 and
mean difference
0.2 0.5 mm
0.4 mm
0.3 mm
0.2 mm
0 T T T T
0 20 40 60 80 100

Sample size/group

Figure 7. Relation between power and sample size for uncemented
TKAs with the standard deviation (SD = 0.76) of the expected out-
come.



