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Background and purpose — This updated meta-analysis
evaluates the migration pattern of the tibial component of
primary total knee replacements measured with radioste-
reometric analysis (RSA). We aimed to evaluate whether
6-month maximum total point motion (MTPM) values could
be used instead of 1-year MTPM for RSA threshold testing
and to present the pooled migration patterns for different
implant designs that can be used as a benchmark.

Patients and methods — The search included all pub-
lished RSA studies on migration patterns of tibial compo-
nents until 2023. Study groups were classified according to
their prosthesis brand, fixation, and insert (PFI). Sub-analy-
ses were performed to compare the mean tibial component
migration patterns of different implant variables, stratified
according to fixation.

Results — 96 studies (43 new studies), including 197
study groups and 4,706 knees, were included. Most migra-
tion occurred within the first 6 postoperative months (126
study groups: mean 0.58 mm, 95% confidence interval [CI]
0.50-0.65), followed by minimal migration between 6 and
12 months (197 study groups: mean 0.04 mm, CI10.03-0.06),
irrespective of the fixation method used. Distinct migration
patterns were observed among the different fixation meth-
ods. No differences were found in migration patterns among
cemented components in any of the sub-group analyses con-
ducted. For uncemented implants, trabecular metal surfaced
components seemed to migrate less than porous-coated or
uncoated components

Conclusion — Based on the small difference between
MTPM values at 6 months and 1 year, MTPM at 6 months
could be used instead of MTPM at 1 year for RSA threshold
testing. The pooled migration patterns can be used as bench-
mark for evaluation of new implants by defining fixation-spe-
cific RSA thresholds when combined with implant survival.

Over the last few decades, total knee arthroplasty has increased
globally, mainly attributable to demographic factors such as
an aging population, escalating obesity rates, and enhanced
access to medical healthcare [1]. As a direct consequence of
this trend, national arthroplasty registries have reported a sim-
ilar increased incidence of revisions, with aseptic loosening as
one of the predominant causes [2-4]. In an effort to reduce the
need for revisions, total knee replacements (TKR) are contin-
uously being developed, occasionally introducing less favor-
able designs [5]. Global regulation of new devices through
regulatory guidelines is inconsistent, with many countries
having underdeveloped regulations that lack premarket testing
or rely solely on manufacturers proving substantial equiva-
lence to a legally marketed implant. These regulations do not
guarantee high-quality evidence to ensure the safety, reliabil-
ity, and quality of new medical devices [6-8].

To address the potential introduction of unfavorable
designs, standardization of joint replacement screening has
been proposed and endorsed by multiple studies as a crucial
part of the evaluation of new prostheses [9-18]. Radioste-
reometric analysis (RSA) studies have established implant
migration benchmarks and thresholds in the early postop-
erative period to identify TKRs with increased migration as
a surrogate measure for increased risk of aseptic loosening
[10,12]. It would be beneficial if previously published thresh-
olds based on 1-year migration could be moved to 6 months
postoperatively, given the minimal increase in migration after
6 months [19]. However, in light of the continuous advance-
ments in implant technology and the increasing number of
RSA studies, it is imperative to evaluate this proposal. There-
fore, we aimed primarily to compare the pooled 6-month
and 1-year maximum total point motion (MTPM) values
to explore the applicability of the 6-month MTPM values
for future RSA threshold testing. Secondarily we aimed to
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Abbreviations

All-poly All-polyethylene

Cl Confidence Interval

CR Cruciate retaining

CS Condylar stabilized

FB Fixed bearing

HA Hydroxyapatite

HXLPE Highly Crosslinked polyethylene
MB Mobile bearing

MBRSA  Model-based RSA

MDR Medical device regulation
MTPM Maximum total point motion
PE Polyethylene

PS Posterior stabilized

RCT Randomized controlled trial
RSA Radiostereometric analysis
SD Standard deviation

TKR Total knee replacement

™ Trabecular metal

UHMWPE Ultra-high molecular weight polyethylene

describe migration patterns of the different design features
stratified by fixation.

Material and methods

The reporting of this systematic review adheres to the stan-
dards of the updated Preferred Reporting Items for System-
atic Review and Meta-Analysis (PRISMA) Statement of 2020
[20]. This review serves as an update to the previous system-
atic review and meta-analysis published in 2018 [19]. The
PRISMA checklist is itemized and available as Supplemen-
tary data on the article page.

This investigation was registered and embargoed in the Open
Science Framework (OSF), a global study registry, accessible
through the registration URL https://osf.io/96bng/?view_onl
y=0912275f5¢364fffb3eec63921cf2925. During the study,
there were protocol deviations, such as the decision not to use
the software application “CADIMA” for screening purposes
due to the time required for screening. As a result, Excel (ver-
sion 16.69.1, Microsoft Corp, Redmond, WA, USA) was uti-
lized for screening.

Eligibility criteria

Studies were eligible for inclusion if they investigated the
migration patterns of the tibial component through RSA in
patients who underwent primary TKR. Unpublished studies,
protocols, databases, or manuscripts were also considered
eligible. Studies were included if they examined: (1) primary
tibial components; (2) migration patterns of at least 2 MTPM
measurements by RSA during the first 2 postoperative years.
All included studies from the initial review were included
[19]. Non-clinical studies (e.g., animal, phantom) and articles
written in languages other than English, Dutch, or German
were excluded. Multiple studies with the same patient cohorts

remained eligible if they reported additional follow-ups for
migration pattern measurements.

Search strategy

The literature search from the previous systematic review
and meta-analysis [19] (up to July 2016) was updated by a
medical librarian (JP) to ensure comprehensive retrieval of
all relevant studies. Multiple medical bibliographic databases
were searched, including PubMed, Embase, Web of Science,
the Cochrane Library, and Google Scholar. Each bibliographic
database was consulted on May 5, 2022 and December 28,
2022. The search targeted studies published between Janu-
ary 1, 2016 (slight overlap with prior search) and December
28,2022. The search strategy employed combinations of con-
trolled vocabulary and free text terms that were associated
with: (1) RSA, and (2) total joint arthroplasty. No differen-
tiation between knee and hip arthroplasty was made, as some
studies report on both. The full search strategies for all data-
bases including utilized filters are detailed in the Appendix.

Study selection

After combining the references from the individual data-
bases, duplicates were removed by using the software appli-
cation CADIMA [21]. Automatically removed duplicates
were double-checked by the first reviewer (RP). The merged
references were transferred to Excel for 2-stage screening,
by 2 reviewers independently (RP, RHP). The screening was
first based on the title and abstract, and, second, based on the
full text. If the information in the abstract was insufficient
or doubts existed, the study remained eligible for full-text
screening. Any disagreement or uncertainty regarding study
eligibility was resolved through consultation with a third
reviewer (BP).

Data-collection process

Data from all newly included studies was collected by the first
reviewer (RP) into an SPSS statistic database (version 27.0,
IBM Corp, Armonk, NY, USA). No articles needed transla-
tion. Data from the initial meta-analysis was checked again
by the first reviewer (RP), and the total database was indepen-
dently checked by the second reviewer (RHP). Any missing or
unclear information was obtained or confirmed by contacting
the study investigators.

Data items

Data extracted from studies included migration in MTPM, and
items regarding the study characteristics, patient demograph-
ics, RSA technique, and prosthesis characteristics. Details
on extracted data items are presented in Table 1. In the case
that a mean MTPM and corresponding SD were not reported,
this was estimated from graphs by using the web application
WebPlotDigitizer [22] or calculated from the reported median,
interquartile range (IQR), or range by using an internationally
accepted methodology [23]. MTPM data was considered at 6
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Table 1. 6-month and 1-year MTPM (mm) (pooled mean, 95% CI) for cemented and uncemented without

screw-fixation tibial components for different variables

Cemented Uncemented
Variable 6-months 1-year 6-months 1-year
Decades
1980s 0.60 (0.32—0.88) 0.71 (0.45-0.97) 1.33(1.03—-1.64) 1.27 (0.92-1.62)
1990s 0.50 (0.17-0.84) 0.47 (0.37-0.58) 1.55(1.24-1.86) 1.58 (1.26—1.89)
2000s 0.33 (0.25-0.41) 0.39 (0.33-0.46) 1.06 (0.57-1.54) 0.91 (0.58—1.24)
2010s 0.38 (0.30-0.46) 0.47 (0.39-0.55) 0.85(0.63-1.06) 0.91 (0.70-1.12)

Surface modification
Trabecular metal
Hydroxyapatite
Porous coating
Uncoated

Trabecular metal surfaced
Modular
Non-modular

Tibial component design
Metal backed
All-poly

Bearing mobility
Fixed
Mobile

Insert constraint
Cruciate retaining
Posterior stabilized
Condylar stabilized

Insert material
UHMWPE
HXLPE

RSA technique
Model-based RSA
Fictive point
Tibial baseplate marker
All-poly/n-mod marker

n/a
n/a
n/a
n/a

n/a
n/a

0.37 (0.32-0.43)
0.33 (0.12-0.53)

0.38 (0.32-0.44)
0.36 (0.15-0.58)

0.40 (0.30-0.51)
0.43 (0.31-0.55)
0.33 (0.22-0.44)

0.38 (0.30-0.45)
0.34 (0.23-0.45)

0.48 (0.35-0.60
0.33 (0.24-0.42

0.36 (0.16-0.56

n/a
n/a
n/a
n/a

n/a
n/a

0.45 (0.40-0.50)
0.38 (0.26-0.49)

0.44 (0.40-0.49)
0.42 (0.20-0.63)

0.45 (0.39-0.51)
0.50 (0.40-0.61)
0.39 (0.27-0.50)

0.45 (0.40-0.51)
0.42 (0.34-0.51)

0.56 (0.44-0.68
0.39 (0.29-0.49

0.44 (0.32-0.56

0.77 (0.56-0.98)
1.27 (0.71-1.83)
1.51 (1.22-1.79)
1.37 (1.07-1.68)

0.84 (0.54-1.15)
0.70 (0.41-0.99)

n/a
n/a

1
1.

0 (1.26-1.93)2
2 (0.63-1.81)2

N o

0.81 (0.51-1.10)®
0.72 (0.41-1.03) P
n/a

0.73 (0.42-1.04) b
0.81 (0.51-1.10) P

0.76 (0.30-1.22) b
0.77 (0.49-1.05) P
n/a
n/a

0.74 (0.56-0.93
1.15 (0.71-1.58
1.46 (1.20-1.73
1.43 (1.03-1.84

o=

0.84 (0.57-1.12)
0.67 (0.42-0.92)

n/a
n/a

1.52 (1.23-1.82) 2
1.24 (0.66-1.81) 2

0.71 (0.51-0.91)®
0.90 (0.44-1.35)b
n/a

0.67 (0.39-0.95) b
0.82 (0.55-1.08) ®

0.59 (0.38-0.80) P
0.93 (0.59-1.26) b
n/a
n/a

and uncemented implants.
As part of the sub-analyses,
the pooled 1-year MTPM
and CI was calculated and
presented by PFI at each
time point (i.e., 6 weeks, 3
months, 6 months, 1 year,
2 years, 5 years, and 10
years). The 1-year MTPM
was used for these analy-
ses, as this was the most
frequently reported value,
which reduces the risk of
potential reporting bias
or bias by missing data.
Finally, study groups of
studies were categorized
based on the groups’ mean
l-year MTPM, accord-
ing to the current RSA
thresholds from 2012 [10]
(1-year MTPM of < 0.5
mm [acceptable]; 0.5—
1.6mm [at risk]; > 1.6 mm
[unacceptable]). To address
potential issues with multi-
collinearity, several analy-
ses of uncemented implants
were stratified by surface

) )
) )
0.39 (0.14-0.64) 0.42 (0.27-0.57)
) )
) )

Modular PE marker 0.38 (0.27-0.49) 0.43 (0.36-0.51

n/a

n/a

2 Restricted to implants with a porous-coating surface.
b Restricted to implants with a trabecular metal surface.

MTPM, maximum total point motion; Cl, confidence interval; UHMWPE, ultra high molecular weight polyeth-
ylene; HXLPE, highly crosslinked polyethylene; n-mod, non-modular; PE, polyethylene; n/a, not applicable.

weeks, 3 months, 6 months, 1 year, 2 years, 5 years, and 10
years postoperatively.

Statistics

A study group was defined as a group of patients in a study
with the same prosthesis, fixation, and insert (PFI), according
to the PFI methodology used in previously published meta-
analyses [10,19]. Pooling of migration results at the PFI level
was performed using random effects meta-analyses by using
the maximum-likelihood estimator [24]. The pooled mean
MTPM and associated 95% confidence interval (CI) was
calculated, presented, and compared between 6 months and
1 year after stratification for the 3 main fixation types (i.e.,
cemented vs. uncemented without screws vs. uncemented
with screws). This also allowed the calculation of the mean
difference between time points and their CI. Additionally,
the 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentiles and
the pooled mean of the MTPM means were determined up
to 5-year follow-up and plotted separately for both cemented

modifications when these
groups were highly corre-
lated with certain covari-
ates. All statistical analy-
ses were conducted using
R version 4.0.2 (R Foun-
dation for Statistical Computing, Vienna, Austria) with the
Metafor package (Maastricht University, Maastricht, Nether-
lands) [24].

Reporting bias assessment

The potential impact of publication bias and certainty of the
results was evaluated by comparing the differences in MTPM
values of certain implant characteristics (e.g., cruciate retain-
ing [CR] and posterior stabilized [PS]) with the differences in
revision rates for aseptic loosening of the same implant char-
acteristics known from national registry reports.

Data sharing, funding, and disclosure

The data extraction of the RSA studies is available by con-
tacting the corresponding author. Funding for the study was
obtained from the author’s institution. BP and JP were authors
of the previous systematic review and meta-analysis [19]. EL,
MD, PN, and BP were part of an investigator team of multiple
included studies. No author had any conflict of interest. Com-
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New records identified from (n = 2,319):
— Pubmed, 357

- Embase, 380,

- Web of science, 433

- Cochrane database, 104

- Google Scholar, 1,045

Studies included in previous
version of review
n=53
Reports of studies included
in previous version of review
n=63

Duplicate records excluded
n=2810

Records screened
n=1,509

Records excluded ( n = 1,404):
- not a clinical study, 322

- not primary TKRs, 678

- not RSA measurements, 404

Records sought for retrieval
n=105

Records not retrieved
n=2

Reports assessed for egilibility
n=103

Reports excluded (n = 57):
—included in initial study, 9

- no primary TKA, 6

- no migration pattern, 33

- merged or unoriginal cohort, 7
- language, 2

New studies included in review
n=43

Reports of new included studies
n =46

|
Total studies included in review

n =96

Reports of total included studies
n=109

Figure 1. Flow diagram of articles screened, selected, and included in
the systematic review and meta-analysis.

plete disclosure of interest forms according to ICMIJE are avail-
able on the article page, doi: 10.2340/17453674.2023.24579

Results
Inclusion of RSA studies

53 original studies published before 2016, with their reference
stated in the previous paper [19]. The current review includes
109 reports related to 96 studies, comprising 197 study groups
and 4,706 knees.

From each study group, the median percentage of females
was 62% (medians ranging from 30-100%), the median age
was 68 years (medians ranging from 54-77 years), and the
median percentage of osteoarthritis was 100% (medians
ranging from 0-100%). Tibial components were fixated with
cement without screw-fixation in 128, cement with screw-
fixation in 1, uncemented without screw-fixation in 51, and
uncemented with screw-fixation in 17 study groups. An over-
all breakdown of the number of study groups and knees for the
3 main fixation types for each follow-up moment is detailed
in Table 2.

The pooled mean MTPM of all tibial components was at 1
month 0.39 mm (CI 0.33-0.44, 3 months 0.44 mm (CI 0.40—
0.49), 6 months 0.58 mm (CI 0.50-0.65), 1 year 0.55 mm (CI
0.50-0.60), 2 years 0.60 mm (CI 0.54-0.65), 5 years 0.68 mm
(CI10.57-0.80), and 10 years 0.72 mm (CI 0.49-0.96).

Migration patterns between 6-month and 1-year
follow-up

For the overall group, the majority of the migration occurred
within the first 6 months post-surgery of 0.58 mm (CI 0.50-
0.65), whereafter minimal additional migration was observed
between 6 months and 1 year of 0.04 mm (CI0.03-0.06). Simi-
larly, for the different fixation methods, most tibial component
migration was observed within the first 6 months and changed
between 6 months and 1 year by 0.04 mm (CI 0.02-0.06) for
cemented, 0.05 mm (CI -0.03 to 0.13) for uncemented screw-
fixated, and 0.06 mm (CI 0.01-0.11) for uncemented without
screw-fixation. When cemented and uncemented components
were stratified for different design factors, the majority of
migration also occurred within the first 6 months for all com-
parisons (Table 1). Overall, the MTPM values were reported
in 127 (64%) study groups at 6 months, compared with 197
(100%) study groups at 1-year follow-up (Table 2).

Table 2. Number of study groups and knees for each follow-up moment

The literature search yielded 2,319 records, of which

810 were duplicates. From the remaining 1,509

Months Years

records, 1,404 were excluded for such reasons as Follow-up Baseline 1 3 6 1 > 5 10
not being a clinical study (n = 322), not involving
primary TKRs (n = 678), or not including RSA mea- ~ Cemented

.. Study groups 128 41 93 75 128 125 28 6
surements (n = 404). An additional 2 records were Implants 3114 777 2,077 1661 2,863 2713 495 73
excluded because the full text was not retrievable. Uncemented without screw fixation
After reviewing 103 reports for eligibility, a total of Study groups 51 24 48 39 51 46 13 6

. Implants 1,240 478 1,078 798 1,123 1,008 290 84

57 reports were excluded for the reasons stated in U] il s et
the PRISMA flow diagram (Figure 1). The remain- Study groups 17 13 8 12 17 16 4 0
ing 46 reports, related to 43 original studies pub- Implants 341 247 161 232 328 303 84 0

lished since 1 January 2016, were included [25-70].
The previous review included 63 reports, related to

Numbers do not add up due to the exclusion of 1 study group with implants
with a cement and screw fixation.
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MTPM (mm) MTPM (mm) - cemented MTPM (mm) - cemented
2.5 2.5 25
Cemented 1980s Metal backed
Uncemented without screw fixation 1990s All polyethylene
2.0 Uncemented with screw fixation 2.04 2000s 2.0
2010s
1.5 1.5 1.5
_/d
1.0 1.0 1.0
0.5 0.5+ 0.5 1
0.0 ¢ . . . . . 0.0 & T T T T T 0.0 ¢ T T T T T
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Years after index operation A Years after index operation B Years after index operation
3,114 1,661 2,863 2,713 495 140 142 136 121 0‘ ‘2,739 14892498 2,358 464
1240 '798 1,123 1,003 290 487 105 412 385 181 375 172 365 356 31
341 232 328 303 84 1272 741 1177 1,149 180
1,206 673 1,138 1,058 134

Figure 2. Migration patterns of all implants stratified by cemented,
uncemented without screw fixation, and uncemented with screw fixa-
tion tibial components. The number of RSA examinations is given for
each follow-up.

MTPM (mm) - cemented MTPM (mm) — uncemented

25 2.5
Mean

Median

2.0 25th-75th percentile
10th-90th percentile

0.0+ T T T T T 0.0 T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Years after index operation Years after index operation

Figure 3. Early migration in percentiles of cemented (left) and unce-
mented (right) without screw-fixation tibial components.

Migration patterns between fixation methods

The migration patterns of tibial components at 6 months
showed that the pooled MTPMs were different between fixa-
tion groups: 0.37 mm (CI 0.31-0.42) for cemented, 0.67 mm
(CI 0.47-0.86) for uncemented screw-fixated, and 1.13 mm
(CI0.96-1.31) for uncemented without screw-fixation (Figure
2). At 1-year follow-up, the differences in the pooled migra-
tion among all fixation methods remained: 0.43 mm (CI 0.38—
0.47) for cemented, 0.77 mm (CI 0.56-0.98) for uncemented
screw-fixated, and 1.08 mm (CI 0.9-1.24) for uncemented
without screw-fixation. After 1 year, the slope of all 3 fixation
methods changed, with a change between 1 and 5 years of 0.11
mm (CI 0.07-0.15) for cemented, 0.15 mm (CI 0.03-0.27) for
uncemented screw-fixated, and 0.09 mm (CI -0.01 to 0.19)
for uncemented without screw-fixation. The percentiles of the
MTPM means were plotted separately up to a 5-year follow-
up for cemented and uncemented without screw-fixation tibial
components (Figure 3).

Migration patterns within cemented tibial components

Migration patterns of cemented implants were lower in the
last 3 decades than in the 1980s (Figure 4A). The migration

MTPM (mm) - cemented MTPM (mm) - cemented

25 2.5
Cruciate retaining UHMWPE
Posterior stabilized HXLPE
2.0 Condylar stabilized 2.0
1.5 1.5
1.0 1.0
0.5+ 0.5
0.0 & T T T T T 0.0 T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
C Years after index operation D Years after index operation
1,707 757 1,574 1,625 243 1,972 1,105 1,778 1,679 364
741 510 670 623 173 636 169 595 550 94
390 166 358 322 58

MTPM (mm) - cemented MTPM (mm) - cemented
2.5 2.5

Model based RSA Fixed bearing
Marker modular insert Mobile bearing
2.0 2.0
Marker all polyethylene/non-modular
Fictive point
1.5 1.5
1.0 1 1.0
05 0.5 W
0.0 T T T T 0.0 T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
E Years after index operation F Years after index operation
973 669 927 913 142 ‘ 2,850 1,467 2,631 2,484 437
957 401 854 798 190 264 194 232 229 58
505 202 482 467 31
382 311 339 311 18

Figure 4. Migration patterns of cemented tibial components. The

number of RSA examinations is given for each follow-up in color and

order corresponding to the legend.

A. Migration patterns according to the decade in which the enrollment
of the study started.

B. Migration patterns according to the design of the tibial baseplate.

C. Migration patterns according to the constraint of the insert.

D. Migration patterns according to the polyethylene material.

E. Migration pattern according to the mobility of the bearing.

F. Migration patterns according to the RSA technique used in the study.

of cemented metal-backed and all-poly implants seemed
to be equal (Figure 4B). No variation in migration patterns
seemed to exist between cemented implants with CR, PS, or
CS inserts (Figure 4C), implants with UHMWPE or HXLPE
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MTPM (mm) — uncemented MTPM (mm) — uncemented MTPM (mm) — uncemented

MTPM (mm) — uncemented

25 2.5 2.5 2.5
1980s Trabecular metal Non-modular (trabecular metal) Cruciate retaining (trabecular metal)
1990s Hydroxyapatite Modular (trabecular metal) Posterior stabilized (trabecular metal)
2.04 2000s 204 Porous coating 2.0+ 2.0
2010s Uncoated
1.5 1.5 1.5 1.5
L —
|
1.0 1.0 1.0 1.0
S
0.5 0.5 0.5 0.5 1
0.0+ T T T T T 0.0 4 T T T T T 0.0 T T T T T 0.0 & T T T T
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
A Years after index operation B Years after index operation C Years after index operation D Years after index operation

130
220
366

434 382 127
218 189 89
63

235 127 217
235 183 217

214

110
168 17

244

116

316 168 293
131 121 118

55
72

84
168 369 348
38

407 102 84 1

Figure 5. Migration patterns of uncemented without screw-fixation tibial components. The number of RSA examinations is given for each follow-up

in color and order corresponding to the legend.
A. Migration patterns according to the decade in which the enroliment of the study started.
B. Migration patterns according to the components’ surface modification.

C. Migration pattern of modular and non-modular components, restricted to trabecular metal surfaced components.
D. Migration patterns according to the constraint of the insert, restricted to trabecular metal surfaced components.

MTPM (mm) - uncemented MTPM (mm) - uncemented MTPM (mm) - uncemented

25 2.5 2.5
UHMWPE (trabecular metal) Fixed bearing (porous coating) Model based RSA (trabecular metal)
HXLPE (trabecular metal) Mobile bearing (porous coating) Fictive point (trabecualr metal)
2.01 2.0 2.01
1.5 1.5 1.51
1.0 1 1.0 1 1.01 —_—
0.5 0.5 0.5
0.0 T T T T T 0.0 T T T T T 0.0 + T T T T
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
A Years after index operation B Years after index operation C Years after index operation
227 142 213 208 51 151 145 20

110‘ ‘312 166 257

237 63
155 17 115 115 112

155
1 0

224 168 202 144 133 133 91 27

Figure 6. Migration patterns of uncemented without screw-fixation tibial components. The number of RSA
examinations is given for each follow-up in color and order corresponding to the legend.

A. Migration patterns according to the polyethylene material, restricted to trabecular metal.

B. Migration patterns according to the mobility of the bearing, restricted to porous coating.

C. Migration patterns according to the RSA technique used, restricted to trabecular metal.

with a substantially lower

migration of trabecular-
metal-(TM)-surfaced  than
porous-coated (sintered

beads, plasma sprayed tita-
nium) and uncoated com-
ponents (waffled structure,
fiber-mesh, grit-blasted,
all-poly) (Figure 5B). Fur-
ther analyses of design fac-
tors were limited to specific
surface modifications on the
tibial components due to the
uneven distribution of these
modifications. This restric-
tion was applied when cer-
tain design factors were con-

insert material (Figure 4D), implants with fixed bearing (FB)
or mobile bearing (MB) implants (Figure 4E), or when migra-
tion patterns were measured by different RSA and marker
techniques (model-based RSA [MBRSA], marker-based RSA
with fictive points, markers fixed to the tibial component,
marker in all-poly or non-modular PE or markers in modular
PE) (Figure 4F).

Migration patterns within uncemented tibial components
without screw fixation

Migration patterns of uncemented implants were substantially
lower in the 2000s and 2010s than in the 1990s (Figure 5A).
Only 2 study groups contained uncemented implants with an
all-poly tibial baseplate design; all other implants had a metal-
backed component, making a sub-analysis not applicable.
A large variation in migration was found when components
were categorized according to their surface modifications,

sidered. After restriction to
TM-surfaced tibial components, no variation in the migration
earlier than 2 years seemed to exist between modular and non-
modular implants (Table 1, Figure 5C), or between implants
with UHMWPE and HXLPE inserts (Table 1, Figure 6A). The
migration of TM-surfaced modular (Figure 5C) and HXLPE
(Figure 6A) implants consists of the same study groups at 5
years with, as a result, the same increased migration between
2 and 5 years of 0.03 mm (CI -0.33 to 0.39). The same applies
to TM-surfaced non-modular components (Figure 5C) and
UHMWPE inserts (Figure 6A) at 5 years, with an equal migra-
tion between 2 and 5 years of 0.10 mm (CI -0.06 to 0.26). For
CR and PS components (Figure 5D), or when measured with
MBRSA and marker-based RSA with fictive points (Figure
6C), no variation in migration seemed to exist when restricted
to TM-surfaced components. For bearing mobility, after restric-
tion to porous-coated implants, no variation in migration was
found between FB and MB implants (Figure 6B).
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Classification of implant migration

The migration was “acceptable” in 47 (37%) cemented, 0 (0%)
uncemented screw-fixated, and 1 (2%) uncemented without
screw-fixation implant study groups, when these 197 study
groups were categorized. An “at-risk” migration was found in
81 (63%) cemented, 15 (88%) uncemented screw-fixated, and
39 (76%) uncemented without screw-fixation implant study
groups. An “unacceptable” migration was found in 0 (0%)
cemented, 2 (12%) uncemented screw-fixated, and 11 (22%)
uncemented without screw-fixation implant study groups. Of
the 13 study groups with implants whose migration was clas-
sified as unacceptable, 9 of 13 (62%) study groups contained
implants comprising older models, which are no longer used
today. The distribution of categories (acceptable, at risk, unac-
ceptable) was similar before and after 2012 (the year the clas-
sifications were defined) for both cemented and uncemented
tibial components.

Discussion

Our study aimed to investigate the suitability of the 6-month
MTPM values, as opposed to the conventional 1-year values,
for RSA threshold testing. We showed that the implant migra-
tion primarily occurs during the initial 6 months postopera-
tively, followed by a stabilization phase (6—12 months) with
minimal movement. Notably, this pattern holds true for all 3
fixation methods, even when considering more recent RSA
studies that explore contemporary TKA designs.

As the migration from 6 months to 1 year is almost negli-
gible, employing the 6-month MTPM values for RSA thresh-
old testing reduces the time needed for RSA studies to be
completed. This could potentially reduce attrition bias when
patients are revised or lost to follow-up after 6 months. When
6-month MTPM is used for the thresholds, the time between
6 months and 12 months could be used to assess implant sta-
bilization. The findings of this review highlight the impor-
tance of regularly evaluating data and benchmarks to keep
up with the evolving landscape of orthopedic implants. The
current RSA thresholds from 2012 [10] (< 0.5 mm [accept-
able]; 0.5-1.6mm [at risk]; > 1.6 mm [unacceptable]) were
based on the mean migration of a group of patients at 1 year.
The thresholds were developed with patient safety in mind, as
the absence of any phased evidence-based introduction was
shown to be unsuccessful and detrimental to patients [5,17].
Consequently, despite the limited number of studies available
at the time, it was necessary to establish reliable thresholds
for an early version of a phased evidence-based introduction
that would be strict enough to prevent potentially harmful
implants from entering the market [17,71]. When considering
the current migration threshold [10], most uncemented tibial
components in this study were at more risk for late-term asep-
tic loosening than cemented implants. However, the equiva-
lent stabilization after 6 months seems to suggest that they

are equally well fixed, which is in line with the findings of
the recent meta-analysis of Prasad et al. (2020), which found
no difference in revision rates for aseptic loosening between
fully cemented and uncemented TKR, after including 6 ran-
domized controlled trials (RCT) with mid- to long-term fol-
low-up [72].

For cemented implants, we found no substantial differ-
ences in migration patterns between all-poly and metal-
backed tibial components; CR, PS, and CS implants; implants
with UHMWPE and HXLPE inserts; FB and MB implants;
or when measured by MBRSA or different marker-based
RSA techniques. The results obtained in this study are in
agreement with the outcomes found in our previous analy-
sis [19] and suggest that comparable rates of revisions can
be expected for aseptic loosening when assessing the impact
of these variables through comparative research. These pre-
dictions are supported by the findings of systematic reviews
and meta-analyses that include only RCTs with an extended
follow-up period, which reported no difference in risk of
revision for aseptic loosening between cemented all-poly and
metal-backed TKR [73]; CR and PS TKR [74]; implants with
UHMWPE and HXLPE inserts [75]; and between FB and MB
implant designs [76].

For uncemented implants, our study showed a 0.28 mm
increase in the 1-year pooled migration of HA-coated implants
compared with the previous review [19]. This change was
likely due to excluding a study group that used HA-coated
implants but had an additional screw fixation. Furthermore, the
distribution of the 1-year migration for TM-surfaced implants
in the current study (0.74 mm; CI 0.56-0.93) was refined in
contrast to that of the previous study (0.84 mm; CI 0.00-1.92)
[19], which was attributed to the increasing number of stud-
ies investigating these implants. Additionally, we observed
a substantial increase in the pooled continuous migration of
modular TM implants from 2 to 5 years, compared with non-
modular TM implants (Figure 5C). The reason for this differ-
ence might be the greater flexibility of non-modular implants,
where the PE insert is molded into the TM, which can improve
load sharing and weight distribution on the tibial bone and
reduce the chance of lift-off [52,77]. Overall, the favorable
migration of TM components does align with the 0% aseptic
loosening revision rates reported in a meta-analysis by Hu et
al. (2017) of 307 non-modular TM implants after 5 years and
a Finnish Registry study of 1,143 primary TKRs after 7 years
[78,79]. On the other hand, our study does not reveal differ-
ences in migration based on the other sub-analyses of unce-
mented components (CR vs. PS; UHMWPE vs. HXLPE; FB
vs. MB; MBRSA vs. marker-based RSA with fictive points),
while registry data suggests higher rates of aseptic loosening
of metal-backed than all-poly implants [80]; non-porous than
porous-coated implants [81]; PS than CR cemented implants
[82]; UHMWPE than HXLPE in cemented and uncemented
implants [3,83] and MB than FB cemented and uncemented
implants [84].
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Limitations

First, the 6-month MTPM values were reported in only 64%
of the study groups, which causes a higher number of miss-
ing values than at 1 year. This, in turn, leads to a reduction in
RSA examinations and analytical precision, and the potential
introduction of bias into the analysis. Second, wide CIs were
observed, suggesting multicollinearity. Therefore, migration
patterns should be considered as exploratory and not a formal
comparison. To ensure the validity of the results, migration
patterns were presented for each variable separately, stratified
for the most influential independent variable (e.g., TM surface
or porous coating) if necessary. Third, we did not account for
translations and rotations when considering the migration in
this study, while some authors have suggested it could also be
used as a predictor of aseptic loosening [85]. However, incon-
sistent reporting of these parameters prompted us to focus on
MTPM, a well-documented parameter for predicting loosen-
ing. Finally, because survival data was not incorporated into
the study, no conclusions could be drawn regarding the suit-
ability of the current migration thresholds. Combining rates
with migration data is a massive undertaking that is beyond
the scope of the present review. Therefore, we intend to update
and re-evaluate the RSA thresholds using the migration data
from this review.

Conclusion

This study demonstrates that the majority of implant migra-
tion occurs within the initial 6 months following arthroplasty,
regardless of fixation method. These results advocate for
employing the RSA threshold testing at 6 months, rather than
at the traditional 1-year mark. By shortening this interval,
potentially unsafe implants could be identified earlier, thereby
protecting patients from unfavorable outcomes. Moreover,
this study provided pooled migration patterns of different
implant variables that can be used as a benchmark for future
evaluation of new implants.
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