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Due to the high accuracy and precision of radiostereometric 
analysis (RSA), late loosening of new implants can already be 
predicted with 2-year RSA results on small patient numbers 
(Ryd et al. 1995, Valstar et al. 2005, Nelissen et al. 2011). 
RSA requires the bone and prosthesis to be accurately defined 
in 3 dimensions, usually achieved by inserting tantalum mark-
ers in the bone and by attaching or inserting markers (in)to the 
prosthesis (i.e., marker-based RSA). Prosthesis markers are 
generally inserted during surgery in the polyethylene of the 
implant (Kaptein et al. 2007). Alternatively, in model-based 
RSA the need for prosthesis markers is eliminated by match-
ing a virtual projection of a 3D model with the contours of the 
radiographic projection of the implant (Kaptein et al. 2003). 
Results of model-based RSA are suggested to be comparable 
with conventional marker-based methods on a group level 
(Pijls et al. 2018), but direct comparisons on individual patient 
data are scarce (Kaptein et al. 2007, Hurschler et al. 2009). 

We recently published the 2-year results of a randomized 
controlled trial (RCT) on implant migration of cemented 
metal-backed versus all-polyethylene tibial components in 
total knee arthroplasty (TKA) using the Triathlon TKA system 

Background and purpose — Pooling data of studies 
evaluating total knee arthroplasty migration using radioste-
reometric analysis (RSA) may be compromised when the 
RSA method used would influence estimated differences 
between groups. We therefore reanalyzed a marker-based 
RSA study with model-based RSA to assess possible limita-
tions of each RSA method, including insert micromotions 
in modular TKA and their effect on estimated group differ-
ences.

Patients and methods — All patients had received a 
cemented Triathlon implant (Stryker, Mahwah, NJ, USA) 
with either an all-polyethylene (n = 29) or a metal-backed 
(n = 28) tibial component. The latter group was reanalyzed 
with model-based RSA. Precision of each RSA method 
was calculated using double examinations. Bland–Altman 
plots were constructed to determine the limits of agreement 
between the 2 RSA methods. Polyethylene insert micromo-
tion was quantified by measuring migration with respect to 
the metal tray. Finally, analyses of the original study were 
repeated with the model-based RSA results.

Results — Systematic differences were found in trans-
lations between marker-based and model-based RSA as a 
result of different reference origins being used for migration 
calculations. Micromotions of the polyethylene insert within 
the metal tray were negligibly small. Mean migration results 
were comparable between marker-based and model-based 
RSA when using the same reference origin, even though 
conclusions on individual patients may differ between RSA 
methods due to various types of measurement error (e.g., 
marker occlusion and model-fit inaccuracies).

Interpretation — At least for the studied TKA design, 
pooling mean migration data of different RSA methods 
appears justified. For translations, however, adjustments 
should be made to correct for differences in reference origin. 
Migration patterns of individual patients may differ as a 
result of distinct types of measurement error.
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(Stryker, Mahwah, NJ, USA) (van Hamersveld et al. 2018). 
Higher migration was found after 2 years for the metal-backed 
components, even though the difference was small. However, 
as migration measurements were based on markers inserted 
in the polyethylene, apparent migration of the modular metal-
backed components may partly result from micromotion of 
the polyethylene insert with respect to the metal tray, a phe-
nomenon that has been shown to occur in older fixed-bearing 
designs (Nilsson et al. 2003, Hansson et al. 2005). 

In this study, we reanalyzed the metal-backed components 
with model-based RSA to eliminate any influence of modular-
ity on migration results and thus investigate whether meth-
odological differences between RSA methods would affect 
migration results. Second, we quantified movements of the 
polyethylene insert within the locking mechanism of the metal 
tray. Finally, we investigated whether the use of model-based 
RSA would result in different conclusions of the RCT as com-
pared with the marker-based results. 

Patients and methods

Full details of the original RCT regarding patients, randomiza-
tion, follow-up, prosthesis, and surgical techniques have been 
described previously (van Hamersveld et al. 2018). Briefly, 
2 surgeons implanted cemented, condylar-stabilizing, cruci-
ate-retaining Triathlon total knee prostheses with either all-
polyethylene (n = 29) or modular fixed-bearing metal-backed 
tibial components (n = 30). The metal tray was designed with 
a full peripheral capture locking mechanism and an anti-rota-
tional central island (Łapaj et al. 2017). 2 patients with metal-
backed components were analyzed with model-based RSA in 
the original RCT due to polyethylene marker occlusion, which 
precluded marker-based measurements. Hence, no marker-

based results were available for comparison and these were 
thus excluded in the present study. 

Radiostereometric analysis
The first RSA examination, performed on the first postop-
erative day, served as the reference for the migration mea-
surements. Subsequent examinations were performed at 3 
months, 1 year, and 2 years after surgery. RSA radiographs 
were performed in supine position with the knee in a biplanar 
calibration cage (cage 10, RSA Biomedical, Umeå, Sweden) 
and analyzed using Model-based RSA software version 4.1 
(RSAcore, LUMC, Leiden, the Netherlands). For marker-
based RSA analysis 5 tantalum markers (0.8 mm in diameter) 
were inserted during surgery, after drilling appropriate holes, 
at standardized positions in the polyethylene of both tibia 
designs. 2 markers were placed posteriorly, 2 anteromedi-
ally/anterolaterally, and 1 anteriorly. The number of markers 
available for migration calculations could differ over time due 
to marker occlusion (Figure 1a). Marker-based results of the 
metal-backed group were based on all 5 polyethylene mark-
ers in only 3 patients. As a result of marker occlusion in 1 or 
more follow-up moments, marker-based results were based 
on 4 polyethylene markers in 8 patients and on 3 markers in 
17 patients. Model-based reanalysis was performed only in 
the metal-backed group, as the all-polyethylene components 
are radiolucent (Figure 1b). In the RSA analysis of the origi-
nal report, a triangulated surface model (from reversed engi-
neering, reduced to 5,000 triangles) was added for the tibial 
component and its virtual projections were matched with the 
contours of the radiographic projection of the implant. All 
other aspects of the analysis, such as insert markers, bone 
markers, and calibration markers, remained unchanged. 
Migration of the 28 metal-backed tibial components, by 
means of the 3D surface model, was calculated twice: with 

Figure 1. RSA images showing the biplanar (lateral and anteroposterior) views with the polyethylene markers and tibial bone markers encircled 
in red, the fiducial markers in yellow, and the control markers in green. (a) Only 3 of 5 polyethylene markers are visible due to over-projection 
of 2 markers, in most cases, by the femoral component, which may reduce or invalidate the marker-based accuracy of the RSA measurement. 
However, migration can also be measured by fitting a model using the contours of the metal-backed tibial component as shown in orange. (b) 
Migration of the radiolucent all-polyethylene tibial component can only be measured with marker-based RSA.



368 Acta Orthopaedica 2019; 90 (4): 366–372

the reference origin for migration calculations (1) in the geo-
metric center of the model, which is the standard position for 
model-based RSA analysis, and (2) in the geometric center of 
the polyethylene markers, which is the standard position for 
marker-based RSA analysis (Figure 2). In addition, migration 
of the polyethylene insert markers was determined to assess 
whether the insert moved with respect to the metal tray. 
Lastly, method 2 allowed us to compare model-based metal-
backed results with marker-based all-polyethylene results 
using the same reference origin. The precision of each RSA 
method was determined by means of double examinations 
at 1-year follow-up. The precision is expressed as the upper 
limits of the 95% confidence interval (CI) around zero motion 
(ISO 16087:2013(E) 2013). The primary outcome measure 
used in the original report is the maximum total point motion 
(MTPM), which is the length of the translation vector of the 
marker that moved the most. For model-based RSA, MTPM 
is the length of the translation vector of the point on the model 
that moved the most. We also report the number of individ-
ual components showing “continuous migration,” defined by 
Ryd et al. (1995) as an increase in MTPM of ≥ 0.2 mm in 
the second postoperative year. The limits of marker stability 
(mean error) and scatter values (condition number) were set 
at 0.35 mm and 120, respectively, complying with the RSA 
guidelines (Valstar et al. 2005). 

Statistics
We first estimated differences in model-based analyses with 
2 different reference origins, i.e., the reference origin in the 
geometric center of the model versus the geometric center 
of the polyethylene markers, using regression analysis. 
Bland–Altman plots were constructed to determine the limits 

of agreement between the two RSA methods (Bland and 
Altman 1986). The limits of agreement, defined as the mean ± 
1.96×SD, should be within ± 0.5 mm of translation or ± 0.8° 
of rotation for the measures to be considered equivalent. These 
thresholds were chosen as these are considered the smallest 
values of clinically relevant early migration when used as a 
predictor of aseptic loosening (Hurschler et al. 2009, Gudna-
son et al. 2017, Pijls et al. 2018). Boxplots were constructed 
to investigate micromotion of the polyethylene markers with 
respect to the metal tray along and about each orthogonal axis. 
Finally, an identical linear mixed-effects model as described 
in the original report (van Hamersveld et al. 2018) was used 
to analyze differences in migration between (model-based) 
metal-backed and (marker-based) all-polyethylene compo-
nents while using the same reference origin (center of the 
polyethylene markers). As in the original report, log-transfor-
mation of outcome measures was applied when necessary to 
obtain normal distributions, and the same sensitivity analysis 
was performed given the unevenly distributed baseline char-
acteristics sex and surgeon as possible confounders by adding 
these variables to the linear mixed-effects model (van Ham-
ersveld et al. 2018). Significance was set at p < 0.05 (IBM 
SPSS Statistics 24.0; IBM Corp, Armonk, NY, USA). 

Ethics, registration, funding, and potential conflicts of 
interest
The original study was approved by the Regional Ethical 
Review Board in Lund (entry no. 2013/434) and registered 
at isrctn.com (ID: ISRCTN04081530). All patients gave 
informed consent. The costs of the RSA radiographs made for 
the original study were supported by Stryker. The sponsor did 
not take part in the design, conduct, analysis, or interpreta-
tions stated in both the previous and current manuscript. The 
authors declare no competing interests. 

Results

Double examinations were performed in 21 metal-backed 
components at 1-year follow-up to determine the precision of 
the RSA measurements. Model-based results were less precise 
in rotations, especially about the longitudinal axis (Table 1). 

Marker-based versus model-based RSA
Regression analysis revealed that with (1) routine model-
based RSA versus (2) model-based RSA with the reference 
origin in the geometric center of the polyethylene markers, the 
transverse, longitudinal, and sagittal translations were over-
estimated by 29% (CI 25–32), 7% (CI 0–13) and 26% (CI 
24–28), respectively (illustrated for transverse translations in 
Figures 3a and 3b). As expected (for mathematical reasons, 
see Appendix), rotations and MTPM values were not influ-
enced by the position of the reference origin and therefore 
identical between both model-based analyses. For fair com-

Figure 2. Lateral views showing the different reference origins (center 
of migrating model at reference time point T0) in (a) model-based and 
(b) marker-based RSA. The longitudinal axis is represented by the 
yellow line, the sagittal axis by the green line, and the red hexagon 
represents the origin. To fully compare model-based and marker-based 
RSA data using the same reference origin, a second model-based 
analysis was performed with the reference origin fixed in the center of 
the polyethylene markers as shown in b.
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parison of marker-based and model-based translations, the 
reference origin for the model-based analysis was thus fixed 
at the geometric center of the polyethylene markers for the 
remaining analyses described below. This resolved the pro-
portional bias (shown in Figure 3b and absent in Figure 3d)  
(Ludbrook 1997).

Comparing marker-based with model-based RSA, transla-
tions showed small limits of agreement indicating that both 
methods can be used interchangeably (Table 2). The limits of 
agreement for the rotations and MTPM were larger, especially 
for rotations about the longitudinal axis (Table 2). 

Micromotion of the polyethylene insert with respect 
to the metal tray
Boxplots were constructed to investigate micromotion of the 
polyethylene insert with respect to the metal tray along and 
about each orthogonal axis at 3, 12, and 24 months’ follow-
up (Figure 4). The majority of the measurements were within 
the 95% confidence interval of zero motion (i.e., the precision 
of the RSA method, indicated by the shaded areas in Figure 
4) and group median values did not appear to increase over 
time. A few outliers depicted in Figure 4 were evaluated to 
determine the nature of the extreme values, all of which were 

Table 1. Precision of RSA measurements (upper limits of the 95% CI around zero motion unless otherwise stated)

Group Translations (mm) Rotations (°) MTPM (mm) 
 RSA method Transverse Longitudinal Sagittal Transverse Longitudinal Sagittal Mean Upper limit of CI

All-polyethylene (n = 26 double examinations) 
 Marker-based  0.11 0.15 0.09 0.17 0.11 0.11 0.14 0.14
Metal-backed (n = 21 double examinations) 
 Marker-based  0.07 0.11 0.13 0.08 0.14 0.11 0.12 0.11
 Model-based  0.08 0.11 0.13 0.19 0.64 0.15 0.25 0.32
 Polyethylene micromotion  0.06 0.06 0.11 0.14 0.68 0.16 0.19 0.30

Table 2. Differences between marker-based and model-based translations and rotations with the reference origin fixed at 
the geometric center of the polyethylene markers

 Translations (mm) Rotations (°) MTPM
Factor Transverse Longitudinal Sagittal Transverse Longitudinal Sagittal (mm)

Mean (SD) –0.01 (0.05) –0.03 (0.05) –0.05 (0.10) –0.02 (0.13) 0.09 (0.29) –0.06 (0.18) –0.03 (0.21)
95% CI a  –0.11 to 0.09 –0.12 to 0.07 –0.25 to 0.16 –0.28 to 0.24 –0.48 to 0.66 –0.41 to 0.29 –0.45 to 0.39

a The values represent the limits of agreement (interchangeability) between the 2 methods (Bland and Altman) and are based 
on all (n = 28) patients.

Figure 3. Scatter-plots showing (a) that marker-based transverse translation values are generally larger than model-based values due to the dif-
ference in position of the geometric center (which is either in the geometric center of the markers inserted in the polyethylene or in the geometric 
center of the model), also indicated (in b) by the proportional bias observed in the Bland–Altman plot (i.e., the difference between methods is 
proportional to the level of the measured variable) (Ludbrook 1997). (c) If model-based analysis is performed with the reference origin fixed at 
the geometric center of the polyethylene markers, results are nearly identical between methods, as also indicated (in d) by the absence of pro-
portional bias and the small limits of agreement in the Bland–Altman plot. Solid lines in a and c: regression line. Dashed lines in a and c: line of 
equality. Solid horizontal lines in b and d: mean of differences. Dashed horizontal lines in b and d: 95% limits of agreement.
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found to be due to measurement error as a result of instability 
or occlusion of the polyethylene markers. The error of patient 
6 was due to one polyethylene marker moving posteriorly 
close to the periphery of the drilled hole where it was inserted 
(resulting in a mean error between 0.31 and 0.33 at 3, 12, and 
24 months, close to the limit of 0.35). This marker stabilized 
within 3 months, as the polyethylene micromotion values were 
close to zero when 3 months’ follow-up was taken as the refer-
ence (mean error between 0.02 and 0.03 at 12 and 24 months). 
A similar cause was found in the analysis of patient 58, but 
in this case 2 anterior markers moved anteriorly; results were 
also close to zero when 3 months’ follow-up was taken as the 
reference. In the analysis of patient 22, patient 32, and patient 
40, only 3 polyethylene markers were available of which 1 
was partly occluded in 1 or more follow-up moments by either 

the tibial component or by another marker; slightly adjusting 
the position of these markers resulted in values close to zero 
in all directions. 

Change in results of original trial
When repeating the analysis of the primary outcome (MTPM 
after 2 years of follow-up) of the original report (van Ham-
ersveld et al. 2018) with the model-based migration values, 
comparable group differences were found: the all-polyethyl-
ene group had an MTPM (CI) of 0.61 (0.49–0.74) versus 0.81 
(0.68–0.95) for the marker-based metal-backed group; and 
versus 0.82 (0.68–0.96) for the model-based metal-backed 
group (Figure 5). 

In the original paper, continuous migration of ≥ 0.2 mm in 
MTPM in the second postoperative year was seen in 4 com-
ponents in both groups. These 4 individual components of the 
metal-backed group showed similar migration patterns using 
model-based analysis (i.e., continuous migration in the second 
postoperative year). However, 2 additional metal-backed com-
ponents showed continuous migration based on the model-
based analysis. In both cases, the increase in MTPM in the 
second postoperative year was likely the result of a sudden 
increase in rotation about the longitudinal axis due to model-
fit inaccuracies, as all other parameters remained stable (data 
not shown).

The other RSA parameters showed comparable between-
group results when repeating the analysis with model-based 
migration values, except for translations along and rotations 
about the longitudinal (y-)axis, again, due to model-fit inac-
curacies (Table 3, see Supplementary data).

In this trial, 2 surgeons performed the surgeries. When 
stratifying the results by surgeon as performed in the post hoc 
sensitivity analysis of the original report, the observed differ-
ence in MTPM in favor of the all-polyethylene design was 
smaller and not statistically significant. Repeating this sensi-
tivity analysis with the model-based measurements resulted in 
similar conclusions (Table 4, see Supplementary data). 

Figure 4. Box-and-whisker plots showing the polyethylene insert trans-
lations and rotations with respect to the metal tray at each follow-up 
(n = 28). The line in boxes indicate group median, the box the inter-
quartile range (IQR); the whiskers the maximum values and outliers 
are depicted as circles (> 1.5×IQR) and stars (> 3×IQR). Shaded blue 
areas represent the 95% confidence intervals of zero motion (i.e., RSA 
precision, determined with double examinations), numbers of the outli-
ers are patient study numbers.   
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Figure 5. RSA analysis results of maximum total point motion (MTPM). 
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based (blue line) analysis.
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Discussion

We investigated whether model-based RSA, utilizing a dif-
ferent reference origin as compared with marker-based RSA, 
would affect migration outcomes. By doing so, we were also 
able to quantify movements of the polyethylene insert within 
the locking mechanism of the Triathlon metal tray and explore 
the disadvantages of each RSA method. If the results differed 
systematically, pooling and comparing RSA data from stud-
ies using different RSA techniques would be impaired unless 
adjusted for the methods being used. However, if the insert 
moves with respect to the metal tray in modular TKA, then 
marker-based migration values of the tibial component in the 
transverse plane are unreliable (Nilsson et al. 2003), and likely 
produce random error that cannot be corrected for when com-
paring with model-based RSA studies. Now that an increasing 
number of RSA studies are available with long-term follow-
up, meta-analysis becomes possible—but one must ascertain 
pooling of data is justified when different RSA methods have 
been used.

Our study demonstrated systematic differences in transla-
tions but not rotations between model-based RSA and marker-
based RSA. These differences are caused by the difference in 
reference origin that is used for migration calculation (Hur-
schler et al. 2009). As compared with the tibia 3D surface 
model, the origin in the center of the polyethylene markers 
overestimated the model-based transverse, longitudinal, and 
sagittal translations of the tibial component by 29%, 7%, 
and 26%, respectively. Correcting for this proportional bias, 
by using a factor or by using the same reference coordinate 
system in both analysis methods, resulted in nearly identical 
translations between model-based and marker-based analysis. 
For the rotations and MTPM values, the limits of agreement 
between marker-based and model-based RSA were larger 
because of the reduced precision of model-based rotations, 
particularly about the longitudinal axis. This is known and 
due to the relatively round, symmetrical shape of the tibial 
component in the transverse plane (Kaptein et al. 2007). Still, 
the limits of agreement between methods were within ± 0.5 
mm and ± 0.8° and conclusions on the primary outcome of 
the RCT regarding group differences in MTPM remained 
unchanged. Furthermore, we found no evidence for the pres-
ence of insert micromotion and excluded this as a cause of 
unreliable marker-based migration measurements for the 
modular Triathlon TKA system. For the individual patient, 
however, use of a different method may result in substantial 
differences due to various types of measurement error (e.g., 
marker occlusion and model-fit inaccuracies). Therefore, one 
must not put too much weight on strict migration thresholds 
in individual patients (e.g., 0.2 mm of MTPM migration in the 
second postoperative year).

Our findings are in line with an earlier comparison between 
marker-based and model-based RSA (Hurschler et al. 2009). 

However, in that study, among other methodological differ-
ences, a uniplanar RSA setup was used resulting in marked 
differences in accuracy between “in-plane” and “out-of-
plane” translations and rotations. In the present study we used 
a biplanar technique, and we did not find such a dichotomy 
in accuracy. Nevertheless, our findings further support their 
conclusion that model-based RSA can be used interchange-
ably with marker-based RSA, at least for the Triathlon TKA, 
provided that the same reference origin is used or corrected for 
using a factor when analyzing translations.

Previous studies evaluating insert micromotion relative to 
the metal tray in modular TKAs found small movements in 
Nuffield fixed-bearing TKAs (Corin Medical Ltd., UK) (Hans-
son et al. 2005) and NexGen fixed-bearing TKAs (Zimmer, 
USA) (Nilsson et al. 2003). In the latter study, these move-
ments were closely examined and found to be greater in the 
transverse plane, which corresponds to the polyethylene–metal 
tray interface (Nilsson et al. 2003). This contrasts with our 
results and may be explained by the different designs of the 
locking mechanisms that were used. In a recent retrieval study 
of Łapaj et al. (2017), backside damage as a result of abra-
sion following micromotion of the polyethylene was found in 
designs with dovetail locking mechanisms, especially in the 
NexGen trays. Contrarily, they found no evidence for abrasion 
in the Triathlon knees owing to the full peripheral capture lock-
ing mechanism. Furthermore, the anti-rotational central island 
of the Triathlon design has been shown to effectively reduce 
micromotion to a minimum for a given reacted torque as com-
pared with other TKA designs, including NexGen (Bhimji et 
al. 2010), although this mechanical study was performed by 
the research and development department of Stryker. It should 
be noted, however, that random error as a result of the reduced 
precision of model-based RSA limits firm conclusions on the 
presence of (longitudinal) rotations of the polyethylene within 
the locking mechanism. Nevertheless, the found translations 
were minimal and all outliers were found to be caused by poly-
ethylene marker instability or occlusion, thus unlikely to be the 
result of micromotion in the polyethylene–metal tray interface. 

A limitation of this study is that we compared the results of 
only one tibial component design. As the precision of model-
based RSA depends on the shape and accuracy of the fitted 
model (Kaptein et al. 2003), differences between marker-
based and model-based RSA results may be smaller or larger 
depending on the TKA design and also depending on the loca-
tion of the prosthesis markers, either in the insert, or attached 
to the metal tibial component. 

In summary, systematic differences in translations between 
marker-based and model-based RSA analysis disappeared 
when adjusted for the different reference origins being used 
for migration calculations. Micromotions of the polyethylene 
insert within the Triathlon metal tray were at most negligibly 
small. Mean migration results of model-based and marker-
based measurements were comparable between groups when 
using the same reference origin, even though migration pat-
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terns of individual patients may differ between RSA methods 
due to various types of measurement error. 

Supplementary data
Tables 3–4 and the Appendix are available as supplementary 
data in the online version of this article, http://dx.doi.org/ 
10.1080/17453674.2019.1605692
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