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Background and purpose — Computed tomography 
micromotion analysis (CTMA) can be used to determine 
implant micro-movements using low-dose CT scans. By 
using CTMA, a non-invasive measurement of joint implant 
movement is enabled. We evaluated the precision of CTMA 
in measuring early cup migration. Standard marker-based 
radiostereometric analysis (RSA) was used as reference. We 
hypothesised that CTMA can be used as an alternative to 
RSA in assessing implant micromotions.

Patients and methods — We included 30 patients 
undergoing total hip arthroplasty (THA). Acetabular cup 
migration at 1 year was measured with RSA and CTMA. To 
determine the precision of both methods, 20 double exami-
nations (postoperatively) with repositioning of the patients 
were performed. The precision was calculated from zero by 
assuming that there was no motion of the prosthesis between 
the 2 examinations.

Results — The precision of RSA ranged from 0.06 to 0.15 
mm for translations and 0.21° to 0.63° for rotations. Corre-
sponding values for CTMA were 0.06 to 0.13 mm and 0.23° 
to 0.35°. A good level of agreement was found between the 
methods regarding cup migration and rotation at 1 year.

Interpretation — The precision of CTMA in measur-
ing acetabular cup migration and rotation is comparable to 
marker-based RSA. CTMA could possibly thus be used as an 
alternative method to detect early implant migration.

Early implant migration within the first 2 postoperative years 
after hip arthroplasty can be used as a predictor of future asep-
tic implant loosening (1-4). Marker-based radiostereometric 
analysis (RSA), the most accurate method for determining 
micromotions of orthopedic implants, has the disadvantage of 
requiring insertion of spherical tantalum markers into the bone 
or into the liner. The introduction, though, of model-based 
RSA solved the issue of prosthesis markers.

Computed tomography micromotion analysis (CTMA) 
(Sectra, Linköping, Sweden) is an analysing tool that can be 
used to determine implant micro-movements after implanta-
tion without the need for bone or implant markers. The prin-
ciples of the method have been studied for more than 15 years 
(5-11). The technique is based on a simple principle, which 
is to obtain low-dose CT scans over time using thresholds to 
identify the bone and the implant, registering these objects and 
calculating migration. The CT scans are uploaded to a spe-
cially designed software that identifies movements and spatial 
and volumetric changes of 2 rigid bodies between 2 different 
CT examinations. Due to the lack of need for markers and 
reduced complexity of image acquisition, CTMA has been 
proposed as an alternative to marker-based RSA in measuring 
implant micro-movements after THA (5-7,9-11). 

We evaluated the precision of measurements performed 
with CTMA compared with marker-based RSA and compared 
the reliability of the CTMA versus RSA in measuring cup 
migration within 1 year. 

Patients and methods 

30 patients (30 hips) with hip osteoarthritis scheduled for a 
cemented THA were included. The patients are part of a larger 
ongoing implant migration study at Sahlgrenska University 
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Hospital, Mölndal, Sweden. The inclusion criteria in the cur-
rent study were patients who had complete RSA examina-
tions and CT scans on 2 occasions, postoperatively (double 
examinations) and at 1 year postoperatively. This patient 
cohort consisted of 14 males and 16 females with a mean age 
of 68 years (61–75). All patients received a cemented MS-30 
(Zimmer GmbH, Rheinau, Germany) stem and a cemented 
Exceed (Biomet UK Ltd, Swindon, UK) cup. 2 different types 
of cement were used: Refobacin and Palacos. 

5 patients could not be included in the 1 year follow-up: 
1 patient was lost because of the Covid-19 pandemic (miss-
ing both RSA and CTMA), 1 patient was excluded due to 
low quality CT scans, and 3 patients due to very high condi-
tion number (CN) on the RSA analysis due to unsatisfactory 
marker placement; CTMA analysis was, however, possible 
for these 3 patients. Complete evaluation was performed for 
26 patients with RSA and for 28 patients with CTMA at the 
1-year follow-up. 

Based on previous RSA research, we concluded that to mea-
sure precision 15–20 patients are sufficient (12). The preci-
sion of the methods was, thus, determined by documenting the 
differences between 20 double examinations postoperatively. 
Between the double RSA examinations, the patients were 
repositioned without moving the calibration cage and X-ray 
tubes (12). Correspondingly, between the double CTMA 
examinations, the patients were repositioned while the condi-
tions of the CT apparatus remained unchanged. We assumed 
that no true migration of the prosthesis occurred between the 
2 consecutive postoperative examinations. 

Radiostereometric analysis (RSA)
RSA was used to evaluate the rotations and translations about 
the 3 orthogonal axes (x, y, z). The postoperative double 
examinations were performed within 3 days following sur-
gery, with the patients in the supine position. Subsequent 
examinations were performed at 1 year after surgery. All 
examinations were done using an Adora radiographic system 
(NRT-Nordisk Røntgen Teknik A/S, Hasselager, Denmark) 
and the uniplanar technique with the RSA calibration cage 
under the examination table (cage 77, UmRSA Biomedical, 
Umeå, Sweden). Radiographic measurements and analysis 

were performed with UmRSA Digital Measure and UmRSA 
Analysis software version 7.0. All RSA measurements and 
analysis were conducted by a biomedicine scientist with long 
clinical and research experience. Complete evaluation of all 
radiographs was performed only if 3 or more tantalum mark-
ers of the segments corresponding to the acetabular bone and 
the cup could be identified with a scatter corresponding to a 
condition number (CN) less than 125 and a stability corre-
sponding to a mean error of rigid body fitting (ME) of at most 
0.35 mm (13,14). 

Computed tomography micromotion analysis (CTMA)
Each patient was examined postoperatively (double exami-
nation) and at 1 year after the surgery. On each occasion, a 
double CT examination was performed, allowing movement 
of the lower body between the 2 exposures. All CT examina-
tions were performed using a Discovery CT 750 HD scan-
ner (GE Healthcare, Chicago, IL, USA). A defined CT pro-
tocol was applied with the following imaging parameters: 
100 kV, tube current 15–100 mA (automatic), slice thickness 
0.625 mm, increments 0.312 mm, pitch 0.984, rotation time 
1 second, noise index 42.5, detector coverage 40 mm, recon-
struction 0.625 mm. Evaluation of all CT scans was performed 
with analysis software (CTMA, Sectra, Linköping, Sweden) 
by a certified biomedicine scientist at our department. Prior 
to the analysis process, a protocol was defined regarding 
the measurement registration settings. No tantalum markers 
were used in any step of the CT analysis. Several scans of 
the included patients were randomly selected and observed 
to determine the most suitable settings for registration of the 
bone and the implant for this patient cohort. A threshold of 
300 HU (Hounsfield) for bone and 1900 HU for the implant 
was set. The same thresholds were set for all double examina-
tions. At 1 year, the threshold for the implant was adjusted 
for 5 patients (2000–2400 HU) and for 1 of these patients it 
was also adjusted for the bone registration (500 HU). The CT 
analysis process was done stepwise. First, 2 CT datasets of 
the same patient were uploaded into the CTMA software. The 
pelvic bone was registered as the reference body by setting the 
threshold to 300 HU and then a visual overlap of the pelvic 
bone was obtained (Figure 1A and 1B). The software matched 

Figure 1. Registration of the pelvic bone as reference object on 2 different CT scans (A 
and B) and verification of the overlap process with the help of chromatic overlay (C).

A B C

Figure 2. Registration of the acetabular cup ring as 
moving body on 2 different CT scans (A and B) and veri-
fication of the overlap process with the help of chromatic 
overlay (C).

A B C
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the reference body in the 2 scans as closely as possible and 
provided a colour-coded overlay as visual assistance that 
helped the analyst to determine whether the matching process 
was performed properly or needs correction (Figure 1C). In 
the next step, the moving body, in this case the thread of the 
cup (that was used to represent the polyethylene cup) was reg-
istered by setting the threshold to 1900 HU. A visual overlap 
of the thread of the cup was then obtained (Figure 2A and 2B) 
and the position of the thread in the 2 scans was matched as 
closely as possible to each other (Figure 2C). Migration data 
of the movement was obtained in 6 degrees of freedom (trans-
lations along and rotations around X, Y, Z axes) (15).

Coordinate systems
The system of coordinates that is used in RSA and in CTMA 
is not identical. RSA makes use of an anatomical fixed coordi-
nate system that is dependent on the calibration cage. CTMA 
uses a standard DICOM coordinate system that can be trans-
formed to match that of RSA (Figure 3). To obtain a com-
parable coordinate system to RSA, the CT coordinate system 
was adjusted in a multi-planar reconstruction (MPR) view and 
the software then calculated the movement of the centre of 
mass (COM) of the metallic thread relative to the pelvic bone 
between the 2 examinations.

Radiation dose
The mean effective radiation dose for the scans used in the 
CTMA analysis was estimated to be 0.8 mSv (0.5–1.2 mSv) 
per scan. The corresponding mean effective dose of RSA was 
estimated to be 0.2 mSv per scan. 

Statistics 
The statistical analysis was performed using IBM SPSS  ver-
sion 27.0.0 software (IBM Corp, Armonk, NY, USA). Descrip-
tive statistics was used to describe the outcome variables at the 
measurements point. The precision of the measurements was 
defined as the degree to which repeated measurements under 
unchanged conditions show the same results and it refers 
to random errors only (16,17). The precision was measured 
using the standard deviation (SD) of the differences calcu-

lated between double examinations multiplied by the critical 
value (t) obtained from the T-table adjusted for the number 
of observations minus 1 (n–1) (Precision = SD x t(n–1)) (18). 
The precision was calculated by assuming that there was no 
motion of the implant between the examinations (18,19). The 
total migration was calculated by using the Pythagorean theo-
rem (total translation = √(X2+Y2+Z2)) (20). The total rotation 
was calculated using the simplified Euler’s rotation theorem 
(total rotation = √(θX

2+θY
2+θΖ

2)), which can be used when 
micromotions are studied (21,22) . Given the small sample size 
in this study, normality of the differences between the meth-
ods was tested using a graphical investigation. We evaluated 
the distribution of the differences for each paired comparison 
with a histogram with a density curve. All paired differences 
were judged to be roughly normally distributed. The median 
and range were calculated at 1 year for migration measured 
with RSA and CTMA. All tests used were 2-sided. To assess 
the agreement between marker-based RSA and CTMA at 1 
year follow-up, Bland–Altman plot analysis was used. The 
plots describe the average between the same measurements 
on the x-axis in relation to the differences between the same 
measurements on the y-axis. In the Bland–Altman analysis, 
the bias and limits of agreement, including the respective 95% 
confidence intervals, are reported. Our primary outcome mea-
sure was set as the proximal/distal cup migration, which trans-
lates to migrations along the y-axis (Figure 3).

Ethics, funding, data sharing, and potential conflict of 
interest
All patients included gave written informed consent to partici-
pate in the study. Approval for the study was obtained through 
the Regional Ethics Review Board in Gothenburg, entry 
number 801-17. Sharing of data is available upon request, 
though personal information of patients cannot be disclosed. 
No funding was received for this study. No conflict of interest 
has occurred.

Results
Clinical precision (double examinations)
The precision for the RSA measurements of cup migra-
tion ranged between 0.06 and 0.15 mm for translations and 
between 0.21º and 0.63º for rotations. Corresponding values 
for CTMA measurements ranged between 0.06 and 0.13 mm 
and between 0.23º and 0.35º. The precision for the total migra-
tion was 0.18mm for RSA and 0.16 mm for CTMA (Table 1). 
The precision for the total rotation was 0.46 º for RSA and 
0.38 º for CTMA. 

Cup migration at 1-year follow-up
The median (range) translations in the y-axis at 1 year mea-
sured with RSA were 0.13 mm (–0.10–1.75). Correspond-
ing values for measurements performed with CTMA were 

Figure 3. CT DICOM coordinate system of CTMA and coordinate 
system of RSA. The translations are positive in the direction of the 
arrow, and the rotations are positive in a clockwise direction.
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0.11 mm (–0.15–2.00). The median (range) total migration 
was 0.21 mm (0.05–2.50) for RSA and 0.22 mm (0.40–2.23) 
(Table 2). At 1 year, the median cup rotations were small 
(–0.11˚ to 0.06˚). Detailed values for cup translation and rota-
tion at 1 year for RSA and CTMA on the 3 orthogonal axes 

x, y, and z are described on Table 2. The 95% limits of agree-
ment (LoA) on the y-axis were –0.22 mm (lower) and 0.25 
mm (upper). Between these LoA, roughly 95% of all paired 
measurements on the y-axis appear to be included (23-27). The 
Bland–Altman plots at 1 year (Figure 4 and 5) showed on the 

Table 1. Precision of marker-based RSA and CTMA in measuring 
cup migration based on 20 double examinations in each group

	 RSA 	 CTMA
Factor	 SD	 Precision	 SD	 Precision

Cup migration (mm)
 X-axis (medial/lateral)	 0.04	 0.08	 0.03	 0.06
 Y-axis (proximal/distal)	 0.03	 0.06	 0.06	 0.13
 Z-axis (anterior/posterior)	 0.07	  0.15	 0.04	 0.08
 Total translation	 0.09	 0.18	 0.08	 0.16
Cup rotations (°)
 X-axis (anterior/posterior)	 0.20	 0.42	 0.16	 0.33
 Y-axis (internal/external)	 0.30	 0.63	 0.17	 0.35
 Z-axis (decreased/increased 
     inclination)	 0.10	 0.21	 0.11	 0.23
 Total rotation	 0.22	 0.46	 0.18	 0.38

Precision is defined as the standard deviation (SD) x critical value 
from the t-table adjusted for the number of observations minus 1.

Table 2. Acetabular cup migration at 1-year follow-up. Values are 
median (range)

Factor	 RSA (n = 26)	 CTMA (n = 28)

Cup migration (mm)
 X-axis (medial/lateral) 	 0.06 (–0.38–0.90)	 0.00 (–0.39–0.83)
 Y-axis (proximal/distal)	 0.13 (–0.10–1.8)	 0.11 (–0.15–2.00)
 Z-axis (anterior/post.)	 –0.01 (–1.5–0.39)	 –0.08 (–0.90–0.22)
 Total translation	 0.21 (0.05–2.5)	 0.22 (0.04–2.2)
Cup rotations (°)
 X-axis (anterior/post.)	 0.00 (–1.2–0.54)	 –0.01 (–1.2–0.55)
 Y-axis (internal/external)	 –0.11 (–0.62–1.4)	 0.06 (–0.41–2.0)
 Z-axis (decreased/ 
    increased inclination)	 –0.04 (–1.9–2.4)	 –0.11 (–2.0–5.7)
 Total rotation	 0.67 (0.06–2.8)	 0.53 (0.10–5.7)
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orthogonal axes that the measured discrepancy between the 
methods and specifically the measurements for translations 
on the y-axis (which is this study’s primary outcome mea-
sure) are within the limits of clinical importance (0.2–1 mm 
for proximal/distal translations) (2,3) and margin of error for 
RSA. On the rest of the axes, the measured discrepancy was 
roughly under or within the limits of clinical importance for 
translation and margin of error for RSA and under or within 
the precision values for rotation for both methods (Table 1). 
According to the Bland–Altman plots presented in the current 
study, the best agreement between the methods was observed 
in the proximal/distal (y-axis) and total migration (3D) mea-
surements.

Discussion

This is the first study evaluating the precision and migration 
pattern of acetabular cups using RSA and CTMA in the same 
cohort of patients. The majority of previous RSA implant 
studies of the hip that refer to a limit of clinical importance 
of 0.2–1 mm regarding this as a predictor of future aseptic 
implant loosening refer to proximal/distal translations along 
the y-axis (2,3,28,29). This is important to underline even in 
this study, as our primary outcome measure was translations 
along the y-axis. Our findings suggest that the precision of 
CTMA in measuring proximal cup migration postoperatively 
(double examinations) and up to 1 year is comparable to the 
standard RSA and can be considered for assessment of early 
implant migration. This finding is in accordance with previous 
experimental and clinical studies (6,30). 

Brodén et al. (31) measured the precision of the CTMA 
method between 0.07 and 0.31 mm for translations and 0.20º 
and 0.39º for rotations. In the current study, CTMA displayed 
a slightly higher precision for both translations and rotations.

RSA enables 3-D measurements of implant micro-move-
ment with respect to the host bone that might be undetectable 
on plain radiographs. Several studies have shown that proxi-
mal cup migration exceeding 0.2–1 mm or more within 2 years 
postoperatively measured with RSA can be used to predict the 
risk of implant loosening (2,3,28,29). Due to its high accu-
racy and the ability to measure the 3-D position of an object, 
RSA has been acknowledged as a gold standard method for 
assessing micro-movements of orthopedic implants in vivo. 
However, the disadvantages of marker-based RSA, such as 
the necessity to use spherical tantalum markers attached to 
the implant or inserted into the bone, tantalum markers being 
over-projected by the implant (32), or the need for specially 
designed radiographic equipment have raised interest in alter-
native methods that can overcome the drawbacks of the RSA 
method without sacrificing the precision and accuracy of the 
analysis and measurements. A partial solution to some of these 
problems was the introduction of model-based RSA, where a 
3-D surface contour of the true implant is being used instead 

of markers to determine migration and wear (33). However, 
this method requires information on the 3-D surface of each 
individual size used in the study and the accuracy of the pose-
estimation algorithm depends on both implant design and the 
accuracy of surface model that is used (34). 

CT, as a 3-D imaging modality, has the advantage of elimi-
nation of superimposition of objects outside the area of inter-
est, high image resolution, and the ability to discern different 
tissues with ease. The high resolution came at the beginning 
though at a cost: higher radiation dose. Through the years, 
advancements such as low-dose protocols and metal artifact 
reduction (MAR) protocols have turned the tables (35,36), 
making the use of CT more widespread. CT-based micromo-
tion analysis has been studied for the past 15 years (5-11) and 
is reported to be an accurate analyzing tool for the evaluation 
of implant micro-movements after THA, and is also consid-
ered as a potential alternative to the gold standard RSA.

Experimental studies using phantoms, in vivo studies with 
pilot patients (5,6,37-40) and clinical studies (30,31,40) over the 
last few years have shown that, with methods using low-dose 
CT scans, precision can be achieved that is very much com-
parable to RSA while radiation dosage also stays at low levels 
(41). In previous studies the mean effective dose for CTMA 
has been reported at 0.33 mSv for an experimental hip study 
(6) and 0.2–2.3 mSv for a clinical hip study (31). The mean 
effective radiation dose in the current study was 0.8 mSv 
(0.5–1.2 mSv) for CTMA, in accordance with the European 
guidelines on exposure in medical and biomedical research, 
“Radiation protection 99” (European Commission, 1998)
(42). In the current study radiation doses within these limits 
were achieved. Even though the effective radiation dose for a 
CT examination is higher than that for RSA, we reckon that 
the advantages of the CT-based method outweigh this fact. 
According to our data, CTMA could be considered as an alter-
native to RSA in studying proximal cup migration, although, 
in order to achieve acceptable radiation dose for patients in a 
long-term follow-up migration study, further optimization of 
CT-scan protocols and adjustment of radiation dose is neces-
sary to reduce the radiation exposure (43). 

An advantage of the CTMA method is that there is no need 
for tantalum markers, as bone or implant surfaces are used 
in the analysis instead. Thus, considerations regarding marker 
over-projection and patient exclusion due to few markers or 
high condition number are overcome. Using low-dose CT 
scans for assessment of implant micro-movements and CTMA 
as an analyzing tool facilitates measuring implant migration. 
These advantages could also mean that it would be possible to 
include patients even retrospectively after the implantation is 
performed. 

Another advantage of CTMA is that the equipment needed, 
namely a CT apparatus, is available even in smaller institutes. 
Furthermore, CTMA, using a predetermined scan protocol 
reduces the need for an experienced radiographer and the 
presence of trained personnel.
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A drawback of CTMA is the lack of the condition number 
and mean error as in RSA (13,14). With CTMA, the correct-
ness of the analysis and measurements is determined by the 
color-coding system provided by the software (30). In that 
essence, the assessment is based solely on the analyst’s or 
user’s experience. However, based on previous research even 
a relatively inexperienced CTMA user can produce excellent 
results with very high inter- and intra-observer repeatabil-
ity (15). Nonetheless, we highly recommend that training in 
CTMA is completed beforehand. 

In this study we did not confirm inter-observer repeatability, 
because the same analyst performed all the RSA and CTMA 
measurements. We suggest that in future studies inter-observer 
repeatability should also be validated.

In this study cemented acetabular cups were examined. 
That said, it is difficult to directly extrapolate the results of 
this study to other joints. Parameters such as metal artefacts, 
radiation doses, and prosthesis design, among many, should 
be taken into account. 

In conclusion, the precision of the CTMA method, accord-
ing to our data, is as trustworthy as that of RSA. 
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