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CT-based migration analysis is more precise than radio-
stereometric analysis for tibial implants: a phantom 
study on a porcine cadaver
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Background and purpose — Radiostereometric analysis 
(RSA) is the gold standard for migration analysis, but com-
puted tomography analysis methods (CTRSA) have shown 
comparable results in other joints. We attempted to validate 
precision for CT compared with RSA for a tibial implant.

Material and methods — RSA and CT were performed 
on a porcine knee with a tibial implant. Marker-based RSA, 
model-based RSA (MBRSA), and CT scans from 2 different 
manufacturers were compared. CT analysis was performed 
by 2 raters for reliability evaluation.

Results — 21 double examinations for precision mea-
surements for RSA and CT-based Micromotion Analysis 
(CTMA) were analysed. Mean (95% confidence interval) 
precision data for maximum total point motion (MTPM) 
using marker-based RSA was 0.45 (0.19–0.70) and 0.58 
(0.20–0.96) using MBRSA (F-statistic 0.44 [95% CI 0.18–
1.1], p = 0.07). Precision data for total translation (TT) for 
CTMA was 0.08 (0.03–0.12) for the GE scanner and 0.11 
(0.04–0.19) for the Siemens scanner (F-statistic 0.37 [0.15–
0.91], p = 0.03). When comparing the aforementioned pre-
cision for both RSA methods with both CTMA analyses, 
CTMA was more precise (p < 0.001). The same pattern was 
seen for other translations and migrations. Mean effective 
radiation doses were 0.005 mSv (RSA) (0.0048–0.0050) and 
0.08 mSv (CT) (0.078–0.080) (p < 0.001). Intra- and inter-
rater reliability were 0.79 (0.75–0.82) and 0.77 (0.72–0.82), 
respectively.

Conclusion — CTMA is more precise than RSA for 
migration analysis of a tibial implant, has overall good intra- 
and interrater reliability but higher effective radiation doses 
in a porcine cadaver.

Radiostereometric analysis (RSA) is the gold standard for 
evaluating knee implant migration as it can detect early migra-
tion and predict implant survival and revision risk (1-5). The 
use of RSA is, however, limited by invasive surgery, time-
consuming radiographic examinations using expensive equip-
ment, and time-consuming analysis (2). Therefore, there is an 
interest in alternative methods using RSA (6) and CT (7-9). 
CT is available, non-invasive, and more robust than RSA, 
but radiation doses are an ethical concer (7,10,11). CT-based 
Micromotion Analysis (CTMA, Sectra, Linköping, Sweden) 
mimics RSA by comparing 2 CT images. This method relies 
on surface anatomy of bone for image registration and quanti-
fies implant migration (9-13). CTMA uses low-dose radiation 
protocols (9,13). CTMA has been validated for shoulder and 
hip implants, where accuracy and precision are comparable 
to RSA (8,9,14). Further validation of precision is needed for 
other implants and joints, as in total knee arthroplasty (TKA). 
As CT scanners from different manufacturers have different 
properties, iterations, and reconstructions, it is also of inter-
est to ascertain whether different CT scanners affect measured 
migration results.

The establishment of CTMA as a tool for migration anal-
ysis comparable to RSA would revolutionize assessment of 
implant migration in TKA, making migration analysis avail-
able worldwide. 

We aimed primarily to validate the precision of CTMA com-
pared with marker- and model-based RSA in a knee phantom 
for the tibia implant. Secondary aims included intra- and inter-
rater reliability of CTMA using 2 manufactures and 2 raters, 
and comparison of effective radiation doses (EDs) between 
RSA and CT. We hypothesized (H0) that there would be no 
difference in precision of total translation (TT) with CTMA 
compared with maximum total point motion (MTPM) with 
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RSA. The alternative hypothesis (H1) was that CTMA had a 
different precision compared with RSA. We also explored pre-
cision of other migrations, the intra- and interrater agreement 
of CTMA, and EDs.

Material and methods
Porcine cadaver
A NexGen CR femur size 4, tibia C, and 10 mm insert 
(Zimmer Biomet, Warsaw, IN, USA) total knee prosthesis 
was implanted through a medial parapatellar incision in a 
right porcine hind knee (Strøm-Larsen AS, Oslo, Norway). 
10 tantalum markers of Ø1 mm (UmRSA Tantalum Markers, 
RSA Biomedical, Umeå, Sweden) were implanted in the tibia, 
of which the 5 best placed markers were used in analysis. 4 
markers were placed in the insert. The cadaver was frozen at 
–18°C and thawed for 2 days at 5°C until 2 hours prior to the 
start of testing, when it was placed at room temperature.

The study is reported according to STARD guidelines (15).

Data collection
7 exposures were performed for RSA and the 2 CT scanners. 
Exposure #1–7 in RSA was defined as the same position in 
the 2 CT scanners, to compare the methods. Each individual 
exposure was compared with the following exposures, i.e., 
migration analysis was assessed between positions #1 and #2, 
positions #1 and #3, etc., and then positions # 2 and #3, posi-
tions #2 and #4, etc. This equals 21 double examinations for 
RSA and for each of the CT scanners, which exceeds the mini-
mum recommended 15 double examinations (5). Migrations 
were reported for segmental (RSA), centre-of-mass (COM, 
CTMA), and peripheral point motions. RSA scenes were anal-
ysed together by the 2 raters. All CT analyses were interpreted 
twice by both raters at 2 separate times (reading 1 and reading 
2) for intra- and interrater reliability. For interrater reliability, 
raters were blinded for each other’s precision measurements.

RSA protocol
RSA exposures of the phantom were performed using ceil-
ing mounted X-ray tubes (Proteus XR/A, GE Healthcare, Chi-
cago, USA, and Canon Triathlon T3, Tokyo, Japan) and knee 
cage number 10 (UmRSA, RSA Biomedical, Umeå, Sweden). 
Between each of the RSA exposures, the phantom, calibration 
cage, and X-ray tubes were repositioned. Exposure was set to 
133 kV and 6.3 mAs for each X-ray tube. RSA scenes were 
analyzed using the RSAcore 4.2 (LUMC, Leiden, the Neth-
erlands) with both a marker- and a model-based (MBRSA) 
method. A maximum condition number (CN) and mean error 
(ME) of 120 and 0.35 mm, respectively, were accepted (5). 
The mean CN and ME were 85.7 and 0.12.

In MBRSA, computer-aided design (CAD) models have 
predefined peripheral points that can be compared with each 
other (Figure 1). The CAD models were obtained from the 
manufacturer (Zimmer Biomet, Warsaw, IN, USA).

Dose area product (DAP) was recorded for each RSA exami-
nation. EDs were estimated using a Monte Carlo simulation by 
multiplying DAP with the knee conversion factor 0.000009 (16).

Migration for RSA is given as segmental and peripheral 
translation and rotation, and MTPM. MTPM is the point in 
the implant that has migrated the most at any time point and 
can therefore be a different point at different follow-ups.

CTMA protocol
CT examinations were performed on 2 CT scanners (GE 
Revolution, GE Healthcare, Chicago, USA and Siemens 
SOMATOM Force, Siemens Healthcare GmbH, Erlangen, 
Germany). Model-based iterative reconstruction algorithms 
(ADMIRE 2, Siemens and ASiRV50, GE Healthcare) were 
used, with metal artefact reduction (MAR). The CT protocol 
parameters were tube voltage 120 kV, tube current 100 mAs, 
slice thickness 0.625 mm, rotation time 0.5 seconds, pitch 
1.0, and field-of-view 200 × 200 mm. These parameters, scan 
length, CT dose index volume (CTDIvol), and dose length 
product (DLP) were matched on the CT scanners at a total 

Figure 1. Peripheral points in CAD model of 
Zimmer Biomet NexGen CR tibial implant, 
from the RSAcore4.2 software. Correspond-
ing peripheral points were created in CTMA.

Figure 2. Visual overlap of moving and 
rigid body. Green shows excellent overlap. 
Blue shows poor overlap. Other colors are 
nuances. This figure shows overall excellent 
overlap of the tibia.

Figure 3. Visual overlap of moving and 
rigid body. Green shows excellent overlap. 
Blue shows poor overlap. Other colors are 
nuances. This figure shows overall excellent 
overlap of the tibial implant.
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dose of 6.34 mGy. EDs were estimated by multiplying DLP 
by the knee conversion factor 0.0004 mSv/(mGy × cm) (17).

The cadaver was repositioned between each exposure. Scans 
were analyzed with a commercially available CT migration 
analysis software (generic name CTRSA), CTMA software 
(Sectra AB, Linköping, Sweden) (12). The following steps 
were performed, as previously described for hip and shoulder 
arthroplasty (8,9):
1.	 2 CT scans were imported into the software. Threshold seg-

mentation for tibia bone was set to 200 Hounsfield units 
(HU). The surface anatomy of the tibia was selected as the 
rigid body and a visual overlap of the anatomy in the 2 
scans was created (Figure 2).

2.	 Threshold segmentation for the tibia implant was set to 
2,200 HU. The implant was selected as the moving body 
and a visual overlap of the implant in the 2 scans was cre-
ated (Figure 3).

3.	 The CT coordinate system (DICOM) was modified in a 
multi-planar reconstruction (MPR) view to obtain a coor-
dinate system rotated at right angles to the tibia implant 
(Figures 4–6), and comparable to RSA.

4.	 Peripheral points (tip, medial, lateral, anterior, and poste-
rior) of the implant comparable to peripheral points in the 
CAD model were plotted (Figure 1).

5.	 The software calculated the precision for COM and periph-
eral point motions of the implant. The software gave visual 
feedback of migration. Migration was expressed as x-y-z 
translation and rotation, and total translation (TT).

Differences between RSA and CTMA
The RSA coordinate system is anatomical, fixed, and defined 
by the RSA calibration cage. For CTMA the DICOM coor-
dinate system was modified in the MPR view to obtain a 
coordinate system rotated at right angles to the tibia implant 
(Figures 4–6) and comparable with RSA (Figure 7). Differ-
ences between coordinate systems (Figure 7) were adjusted 
before analysis. To increase clinical relevance and reduce 
misunderstanding, the coordinate system was named using 
clinical terms: medial for x-axis translation, anterior for z-axis 

translation, and proximal for y-axis translation, and transver-
sal for x-axis rotation, varus for z-axis rotation, and internal 
for y-axis rotation.

Segmental migration in RSA is directly comparable to 
COM migration in CTMA. The peripheral points in MBRSA 
are predefined in the implant CAD model. Comparable ante-
rior, posterior, medial, lateral, and tip points are not predefined 
in CTMA, but were created in the CTMA software (Figure 1) 
from the CAD model. All points in the implant have a TT in 
CTMA, which is unlike MTPM for RSA. They are not directly 
comparable, but we argue that the point with the highest mea-
sured TT value is similar to MPTM, as discussed later.

Outcome measures
This comparison study presents precision of migration data 
for CTMA compared with RSA. Precision is defined by the 
proximity between repeated measurements under similar con-
ditions (5). Precision requires at least 15 double examinations 
and should be presented with 95% confidence interval (CI), or 
standard deviation (SD) for not normally distributed data (5).

The primary outcome measures were precision of MTPM for 
both RSA methods against the highest measured TT value for 
both CT manufactures. The secondary outcome measures were: 
(i) comparison of precision of segmental/COM and peripheral 
point motion migration, (ii) comparison of intra- and interrater 
reliability of 2 CT scanners, and (iii) comparison of EDs.

Figure 4. DICOM coordinate system sag-
ittal view marked with yellow cross.

Figure 5. DICOM coordinate system coronal 
view marked with yellow cross.

Figure 6. DICOM coordinate system axial 
view marked with yellow cross.

Figure 7. Comparison of CT DICOM coordinate system of CTMA and 
coordinate system of RSA. Translations and rotations for x-y-z transla-
tions and rotations are positive in the directions of the arrows. Cour-
tesy of C. Brodén and Sectra.



Acta Orthopaedica 2023; 94: 207–214  210

Statistics
All calculations were performed using STATA version 17 
(StataCorp LLC, College Station, TX, USA). Precision of the 
RSA and CTMA is reported as mean with 95% CI (1.96 × 
SD) (5). Normality of data was confirmed by visual assess-
ment of histograms. We used a parametric 2-sample variance-
comparison test (i.e., a test on the variance ratio) to compare 
differences in variances between groups. The test results in an 
F-statistic and concurrent p-values are given. A p-value below 
0.05 was considered significant. Intra- and interrater agree-
ment was calculated using intra-class correlation (ICC) with a 
2-way random model and Bland–Altman plots. In the 2-way 
random-effects model, each target is rated by the 2 indepen-
dent raters, who are defined as randomly drawn from a popu-
lation of raters. The random effects in this model are target 
and rater and possibly their interaction.

Ethics, registration, data sharing plan, funding, and 
potential conflicts of interest
The local research committee of Oslo University Hospital 
approved the study on December 13, 2021. Data will be avail-
able upon request to the main author. Grants from Møre and 
Romsdal Hospital Trust, Norway, and Oslo University Hos-
pital, Ullevål, Norway funded the study. Views submitted in 
this paper are the authors’ own, and not an official position of 
the institutions and funders. The authors declare no conflicts 

of interest. Completed disclosure forms for this article follow-
ing the ICMJE template are available on the article page, doi: 
10.2340/17453674.2023.12306

Results
Precision measurements
Precision of MTPM for marker-based RSA (0.45 [CI 0.19–
0.70]) and MBRSA (0.58 [0.20–0.96]) did not vary (F-statistic 
0.44 (CI 0.18–1.08), p = 0.07) (Table 1). Precision of TT for 
the GE scanner (0.08 [0.03–0.12]) was higher than for the Sie-
mens scanner (0.11 [0.04–0.19]) (F-statistic 0.37 (0.15–0.91), 
p = 0.03) (Table 1). Precision of segmental translations and 
rotations did not vary between RSA methods, except for varus 
rotation in favor of marker-based RSA (F-statistic 0.27 (0.11–
0.68), p = 0.006) (Table 2). Both CT scanners were more pre-
cise for all migrations, both for segmental/COM and periph-
eral point motions, compared with both RSA methods, except 
for proximal segmental translation when comparing marker-
based RSA (F-statistic 2.2 [0.9–2.3], p = 0.09) and MBRSA 
(F-statistic 2.3 [1.0–2.4], p = 0.07) with Siemens CT (Table 
2). When comparing CT methods, GE was more precise in 11 
of 22 measurements, including all measurements of COM and 
peripheral point motions (Tables 1–3, Figure 8). Siemens was 
more precise than GE for proximal translation of the lateral 
peripheral point (F-statistic 2.8 [1.1–6.9], p = 0.03) (Table 3).

Table 1. Precision measurements for RSA and CTMA methods, including p-values for comparisons between standard deviations of MTPM 
and TT. For TT, only the highest number of all points is given

 
	 Marker-based RSA				    MBRSA			   CT GE Healthcare		  CT Siemens
Variable	 mean (CI)	 p-value a	 p-value b	 p-value c	 mean (CI)	 p-value b	 p-value c	 mean (CI)	 p-value c	 mean (CI)

MTPM or
TT, mm	 0.45 (0.19–0.70)	 0.07	 < 0.001	 < 0.001	 0.58 (0.20–0.96)	 < 0.001	 < 0.001	 0.08 (0.03–0.12)	 0.03 d 	 0.11 (0.04–0.19)

MBRSA, model-based radiostereometric analysis (RSA); CI, 95% confidence interval.
Comparisons given with p-values between RSA and CTMA methods show all values are in favor of CTMA.  
a compared with MBRSA; b compared with GE CTMA; c compared with Siemens CTMA; 
d comparison between the 2 CTMA-methods is in favour of GE. 

Table 2. Precision measurements for RSA and CTMA methods, including p-values for comparisons between standard deviations of seg-
mental/COM migrations

 
	 Marker-based RSA				    MBRSA			   CT GE Healthcare		  CT Siemens
Variable	 mean (CI)	 p-value a	 p-value b	 p-value c	 mean (CI)	 p-value b	 p-value c	 mean (CI)	 p-value c	 mean (CI)

Translation, mm										        
 Medial	 –0.08 (–0.42–0.27)	 0.7	 < 0.001	 < 0.001	 –0.01 (–0.33–0.31)	 < 0.001	 < 0.001	 0.0 (–0.06–0.06)	 0.3	 0.0 (–0.04–0.05)
 Proximal	 0.02 (–0.11–0.15)	 0.9	 0.04	 0.09	 0.01 (–0.13–0.14)	 0.03	 0.07	 0.02 (–0.06–0.10)	 0.7	 –0.03 (–0.11–0.06)
 Anterior	 0.01 (–0.40–0.41)	 0.7	 < 0.001	 < 0.001	 0.04 (–0.41–0.50)	 < 0.001	 < 0.001	 0.01 (–0.03–0.04)	 < 0.001 d	 –0.01 (–0.09–0.08)
Rotation, °										        
 Transversal	 –0.01 (–0.53–0.51)	 0.08	 < 0.001	 < 0.001	 0.32 (–0.46–1.10)	 < 0.001	 < 0.001	 0.01 (–0.03–0.05)	 < 0.001 d	 –0.05 (–0.26–0.16)
 Internal	 0.09 (–0.59–0.78)	 0.1	 < 0.001	 < 0.001	 –0.13 (–1.12–0.87)	 < 0.001	 < 0.001	 –0.03 (–0.10–0.04)	 0.01 d	 0.03 (–0.10–0.16)
 Varus	 0.0 (–0.34–0.33)	 0.01	 < 0.001	 < 0.001	 0.01 (–0.03–0.64)	 < 0.001	 < 0.001	 0.0 (–0.09–0.09)	 0.1	 –0.02 (–0.09–0.04)

For Footnote, see Table 1.
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Intra- and interrater reliability
Overall interrater ICC for all migrations in both CT methods 
was 0.77 (CI 0.72–0.82). Interrater ICCs for the GE CTMA 
method was 0.75 (0.67–0.84) for all precision measurements. 
The highest ICC was for varus rotation at 0.96 (0.92–0.99). 
However, ICC for TT was only 0.49 (0.07–0.76) (Figure 9), 
and lowest for internal rotation at 0.41 (–0.02 to 0.71).

for rater 1 and 0.97 (0.93–0.99) for rater 2. Figure 9 shows 
intrarater ICC for TT for both CT methods. 

Effective doses, RSA vs. CT
The CT mean ED for both CT scanners was estimated at 0.08 
mSv (CI 0.076–0.082). The RSA mean ED was estimated at 
0.005 mSv (0.0048–0.0050). This was lower than for both CT 
scanners (p < 0.001). There was no difference between CT 
scanners (p = 0.99).

Discussion

Precision data for TT from CTMA from both CT scanners 
show lower values than for MTPM from both RSA methods, 
i.e., higher precision. Previous precision studies (9) attribute 
the high precision of CTMA to increased available surface 
anatomy of bone and implant, which creates stable rigid and 
moving bodies. The precise results for CTMA indicate a 
robust method. 

TT is a measure of the total translation of a given point of the 
tibial implant. TT can be measured for many points. MTPM 
is, however, the point in the tibial implant that at any given 
time has migrated the most and can vary between time points. 
MTPM is the most important factor for tibial implant survival 
in RSA (3). However, the highest measured TT in CTMA 
should have a close relationship to MTPM in RSA (18). Tibial 
MTPM below 0.5 mm at 1 year has shown lower than 5% 

Table 3. Precision measurements for RSA and CTMA methods, including p-values for comparisons 
between standard deviations of peripheral points

Peripheral point
 Translation	 MBRSA	 vs. CT	 CT GE Healthcare	 vs. Siemens	 CT Siemens
 direction	 mean (95% CI)	 P-values	 mean (95% CI)	 P-values	 mean (95% CI)

Tip 					   
 Medial	 –0.02 (–0.32 to 0.28)	 < 0.001	 –0.01 (–0.03 to 0.02)	 0.003 a	 0.00 (–0.06 to 0.05)
 Proximal	 –0.03 (0.24 to 0.18)	 < 0.001	 0.02 (–0.06 to 0.09)	 0.97	 –0.02 (–0.09 to 0.06)
 Anterior	 –0.16 (–0.39 to 0.06)	 < 0.001	 0.00 (–0.02 to 0.02)	 < 0.001 a	 0.02 (–0.07 to 0.11)
Medial 					   
 Medial	 –0.02 (–0.43 to 0.38)	 < 0.001	 0.00 (–0.07 to 0.06)	 0.3	 0.01 (–0.05 to 0.06)
 Proximal	 –0.02 (–0.47 to 0.42)	 < 0.001	 0.02 (–0.06 to 0.10)	 0.10	 –0.04 (–0.15 to 0.08)
 Anterior	 0.11 (–0.63 to 0.86)	 < 0.001	 0.02 (–0.04 to 0.09)	 0.001 a	 –0.03 (–0.18 to 0.12
Lateral 					   
 Medial	 –0.02 (–0.37 to 0.33)	 < 0.001	 0.00 (–0.07 to 0.07)	 0.2	 0.01 (–0.05 to 0.06)
 Proximal	 –0.01 (–0.40 to 0.39)	 < 0.001	 0.02 (–0.09 to 0.13)	 0.03 b	 –0.01 (–0.08 to 0.05)
 Anterior	 –0.02 (0.74 to 0.69)	 < 0.001	 –0.01 (–0.05 to 0.03)	 0.001 a	 0.01 (–0.08 to 0.09)
Anterior 					   
 Medial	 –0.05 (–0.67 to 0.56)	 < 0.001	 –0.01 (–0.08 to 0.05)	 0.4	 0.02 (–0.06 to 0.10)
 Proximal	 –0.10 (–0.47 to 0.26)	 < 0.001	 0.02 (–0.05 to 0.09)	 0.5	 –0.01 (–0.09 to 0.08)
 Anterior	 0.04 (–0.41 to 0.50)	 < 0.001	 0.01 (–0.03–0.05)	 < 0.001 a	 –0.01 (–0.11 to 0.09)
Posterior 					   
 Medial	 0.05 (–0.27 to 0.37)	 < 0.001	 0.01 (–0.07 to 0.09)	 0.4	 –0.01 (–0.07 to 0.06)
 Proximal	 0.15 (–0.14 to 0.44)	 < 0.001 c	 0.02 (–0.07 to –0.12)	 0.02 a	 –0.05 (–0.20 to 0.11)
 Anterior	 0.05 (–0.41 to 0.51)	 < 0.001	 0.01 (–0.03 to 0.05)	 < 0.001 a	 –0.01 (–0.11 to 0.09)

MBRSA, model-based radiostereometric analysis; CI, confidence interval.
a In favour of GE; b in favour of Siemens. 
c for the column “vs. CT” p-values are the same for comparisons with both GE and Siemens, except 

where indicated (p = 0.01 versus Siemens). 
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Figure 8. Precision measurements of segmental/COM migrations, 
showing mean and 95% CI for marker-based RSA (blue), MBRSA 
(orange), GE (green) and Siemens (red). MTPM and TT are given for 
RSA and CTMA methods, respectively. For TT, only the highest number 
of all points is given. MBRSA, model-based radiostereometric analysis 
(RSA); MTPM, maximum total point motion; TT, total translation.

Interrater ICC for the Sie-
mens CTMA method was 0.78 
(0.71–0.85) for all precision 
measurements. The highest 
ICC was for transversal rota-
tion at 0.99 (0.97–1.0). How-
ever, interrater ICC for TT was 
only 0.64 (0.30–0.83) (Figure 
9), and lowest for internal 
rotation at 0.53 (0.14–0.78).

Overall intrarater ICC for all 
migrations for both CT meth-
ods was 0.79 (CI 0.75–0.82). 
ICC for rater 1 for the GE 
CTMA method was on aver-
age 0.83 (0.75–0.92) and 0.74 
(0.66–0.82) for rater 2. ICC 
was highest for varus rotation 
at 0.97 (0.94–0.99) for rater 1 
and 0.95 (0.83–0.98) for rater 
2. Average ICC for the Sie-
mens CTMA method was 0.78 
(0.71–0.85) for rater 1 and 
0.80 (0.73–0.87) for rater 2. 
ICC was highest for transver-
sal rotation at 0.99 (0.97–1.0) 
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10-year revision rates (3). Precision of TT in CTMA for the 
worst peripheral point was 0.03–0.12 mm for GE Healthcare 
and 0.04–0.19 mm for Siemens, both below 0.5 mm, indicat-
ing that CTMA is more precise than the 0.5 mm threshold, 
enabling it to detect clinically important migration.

Gudnason et al. (19), however, showed that transversal rota-
tion above 0.8° at 2 years was the best predictor of later loos-
ening. Peripheral distal translation of 0.6 mm and peripheral 
proximal translation of 0.9 mm also had higher predictive 
value than MTPM. Our precision values for both RSA and 
CTMA are lower than these values, hence CTMA can detect 
clinically important migrations for these migration patterns.

Intra- and interrater ICC between GE and Siemens CTMA 
had good reliability (20) on average (mean 0.77 [CI 0.72–
0.82]), but individual values varied between poor and excel-
lent. However, the worst-case scenario would be the lower 
limit for ICC, which was 0.72 overall (moderate reliability). 
We have measured ICC only for precision measurements, and 
not for follow-up migrations (21) where ICC is also an expres-
sion of true migration. True migration is by definition larger 
than precision. Therefore, ICC for follow-up analysis will 
naturally have higher values.

In a meta-analysis by Pijls et al., RSA precision values for 
translation varied between 0.03 and 0.22 mm, while rotation 
varied between 0.06 and 0.8° (22). MTPM was reported for 
only 4 studies and varied between 0.1 and 0.45 (22). In CT 
studies performed in the shoulder (8) and hip (9,23), precision 
measurements were 0.08–0.15 mm (shoulder) and 0.10–0.16 
mm (hip) for translation and 0.23–0.54° (shoulder) and 0.21–
0.31° (hip) for rotation. These are all comparable to our results.

The ED for RSA was 0.005 mSv and for CT 0.08 mSv. 
Both are lower than CT studies of the hip (9) and shoulder 
(8), mostly due to the knee conversion factor. Only 1 Dutch 
study quotes an ED of 0.075 mSv for extremity RSA (24). In 
RSA image retakes are often necessary, which increases EDs 
in clinical studies compared with phantom studies. ED for CT 
was 16 times higher than for RSA in our study, which equates 
to only an additional 6.4 days of background radiation (25). 
These doses are lower than in previous studies (shoulder 0.27 

mSv, hip 0.2 mSv) (8,9). Further dose reduction is possible 
(10,11,26).

CTMA needs trained personnel for analysis like RSA, but 
it has many benefits as CT is widely available and does not 
need specially trained radiographers, equipment, or surgically 
implanted markers. The CT protocol is predetermined, and 
is independent of calibration boxes and patient positioning. 
The 3D visual interface reduces occluded markers, a common 
problem in RSA. CT scans were performed with the protocol 
currently being used in a clinical trial at our hospital, where 
CT scans and CTMA analyses were easier and faster to per-
form. CT and CTMA make migration analyses readily avail-
able, thus clinical migration analyses and quality control of 
new implants can be performed before widespread use.

A strength of our study is that precision was assessed for 21 
double examinations, which is over the 15 required (2,5). The 
study is further strengthened by the assessment of segmental/
COM and peripheral point motions. There are no studies to 
our knowledge on precision of CTRSA in tibial implants.

An important limitation of the CTMA software is the lack of 
numerical feedback of the analysis equivalent to CN and ME 
in RSA. The assessment therefore relies on user experience.

CTMA software is currently unable to save radiographic 
migration analysis (scenes). In case of follow-ups, audit, revi-
sions etc., scenes will have to be reanalyzed, which can be a 
source of potential errors and ethical concerns, and will be 
time consuming. 

Coordinate systems for RSA and CTMA are rotated differ-
ently but were aligned before analysis. CTMA coordinates 
were manually rotated in relationship to the implant, where 
RSAcore software did this automatically. Therefore, coordinate 
systems of RSA and CTMA will coincide almost completely. 
Out-of-plane limitations in RSA are reduced using a biplanar 
cage, and for CTMA, 3D images eliminate this problem.

A limitation to the method is the use of 1 phantom to pro-
duce 21 double examinations, an accepted method in phantom 
studies (7,8,27-30). Our study does not capture the variation 
in a study population, and this might influence the precision 
measurements. It should, however, do so to the same extent 
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Figure 9. Bland–Altman plot of interrater and intrarater reliability for TT of COM using the GE and Siemens CTMA methods. Intrarater reliability 
given for rater 1. The green broken line represents the mean difference between measurement methods. The grey area shows minimum and 
maximum values on the x-axis. The grey area shows 95% limits of agreement on the y-axis. SI, Siemens; TT, total translation.
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for both RSA and CTMA. The true precision might be incor-
rect, but the relationship between RSA and CTMA should be 
constant. We are currently conducting a clinical trial to further 
define precision, migration analysis, and generalizability for 
CTMA in tibial implants.

Bone changes over time have been discussed as a poten-
tial problem (7,9), as changes in the bony anatomy (ectopic 
bone, osteophytes, bone resorption, fractures, reduced bone 
density, etc.) would change the rigid body. However, CTMA 
software uses large anatomical structures for image registra-
tion, and small changes in bony anatomy should therefore not 
be problematic (9).

In conclusion, we found that CTMA had higher precision 
than RSA for analysis of tibial implant migration, overall good 
intra- and interrater reliability, and higher EDs in a porcine 
cadaver.
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