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Background and purpose — Radiostereometric analysis
(RSA) is the gold standard for evaluation of migration of
implants. CT-RSA has been shown to have precision at the
level of RSA in hip, shoulder, and knee joint replacements.
We aimed to assess the impact of dose reduction on preci-
sion of CT-RSA on tibial implants, comparing it with previ-
ously published data on precision of standard dose CT-RSA
on tibial implants.

Material and methods — We performed a total knee
arthroplasty on a porcine knee cadaver, and subsequent
CT-RSA with low effective doses (0.02 mSv). We compared
the results with previously published CT-RSA data with
standard (0.08 mSv) dose. The primary outcome variable
was the difference in precision of the maximum total trans-
lation (MTT). Secondary variables included ratios of vari-
ances and standard deviations, and precision of peripheral
point translations, center-of-mass translations, and rotations.
A difference of more than 0.1 mm in precision was defined
as clinically relevant. Our hypothesis was that precisions of
low and standard CT-RSA doses were equal.

Results — Low dose (mean 0.07, 95% confidence inter-
val [CI] 0.06-0.08) and standard dose CT-RSA (0.08, CI
0.07-0.09) achieve similar precision, with difference in
precision of MTT of 0.01, CI 0.00-0.02 mm. The F-statistic
(0.99, CI 0.63-1.55) and sdtest (1.05, CI 0.43-2.58) also
supported this.

Conclusion — We conclude that the precision of low
dose CT-RSA for tibial implants on a porcine cadaver is
equal to standard dose CT-RSA. However, these findings
should be confirmed in clinical trials.

Total knee arthroplasty (TKA) is in most, but not all, cases suc-
cessful in treating osteoarthritis of the knee. Thus, the industry
is developing new designs in order to increase the satisfaction
of patients and the function of their artificial joints. There are
many examples of failed implants in terms of aseptic loosen-
ing or suboptimal migration patterns when we introduce new
implants or alter their attachment to bone [1-3]. Hence, all new
implants or surgical techniques should follow a stepwise intro-
duction to the market [4-6]. Radiostereometric analysis (RSA)
has been the gold standard for detecting increased early migra-
tion as a surrogate for aseptic loosening for more than 40 years
[7]. The introduction of CT-RSA (CT-based RSA) represents a
change of paradigm in the study of early implant loosening. In
CT-RSA, we use CT scans and assess the migration of implants
using a special software program, e.g., CT-based Micromo-
tion Analysis (CTMA, Sectra AB, Linkoping, Sweden) [8-10].
Instead of using computer-aided design (CAD) models, or
reverse engineered models, as in model-based RSA (MBRSA)
[11], models are created in the software based on the CT scans.
There is no need for bone markers.

CT-RSA provides precision at or above the level of RSA
in hip and shoulder implants [9,12-13]. The aim of our study
was to assess the impact of dose reduction on precision of
CT-RSA on tibial implants with the objective to compare the
results of low dose CT-RSA with previously published data
on precision of standard dose CT-RSA on tibial implants [10].
Our hypothesis (HO) was that the precision of low (0.02 mSv)
doses would be equal to standard (0.08mSv) doses. The corre-
sponding alternative hypothesis (H1) was that dose reduction
results in inferior precision.
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Figure 1 CT-RSA model of the
NexGen CR TKA.

Methods and materials

This is an equivalence study that adheres to the STARD and
ARRIVE guidelines [10,14-15]. For details of the methods
and materials, please see our previously published paper
on this topic [10]. A NexGen CR size 4 (ZimmerBiomet,
Warsaw, IN, USA) was inserted in a hind knee of a porcine
cadaver (Figure 1). The phantom was stored at —18°C, until
it was thawed prior to testing. We used a GE Revolution (GE
Healthcare, Chicago, IL, USA) CT scanner with the follow-
ing standard scan protocol: tube voltage 120 kV, tube current
100 mAs, slice thickness 0.625 mm, rotation time 0.5 s, pitch
1.0, and field-of-view 200 x 200 mm. An iterative recon-
struction algorithm (ASiRV50) with metal artifact reduction
(MAR) was used for image reconstruction (Figure 1). The
CT dose index volume (CTDIvol) of the standard dose scan
was 6.34 mGy, and 1.59 mGy for low dose. The dose length
product (DLP) of the standard CT was 197.8 mGyxcm, cor-
responding to an effective dose (ED) of 0.08 mSv, while the
figures were 48.3 mGyxcm and 0.02 mSv for the low-dose
scan. EDs were estimated by multiplying the DLP by the
knee conversion factor of 0.0004 [16]. The CT-RSA analyses
were performed using the CTMA software. During CT-RSA
analysis, peripheral corresponding points on the tip, and lat-
eral, medial, anterior, and posterior on the tibial implant were
created (Figure 2) [10]. 7 exposures were performed with the
phantom for the CT scanner. Between each CT-RSA expo-
sure, the phantom was repositioned. LHWE performed the
CT-RSA analyses in both studies, for which he has been cer-
tified by Sectra [10]. During CT-RSA analysis, each individ-
ual investigation was compared with the next,i.e.,#1 and #2,
#1 and #3 up to #7, and then #2 and #3 and so on, and given
the name Sample 1, Sample 2 etc., thus yielding a total of 21
double examinations or samples, for both standard and low-
dose CT-RSA. Sample 1 standard dose was compared with
Sample 1 low dose. Assuming there would be no migration
between any of the exposures, any deviation from zero rep-
resents a measure of the precision of the method. The higher
the deviation, the larger the bias and the lower the precision.
In the CTMA software, it is currently not possible to calcu-
late the maximum total point motion (MTPM), a very impor-

Figure 2. CT-RSA images with corrected axes and blue dots indicating the placement of the peripheral
points on the tip, anterior, posterior, lateral, and medial part of tibial implant.

tant factor in RSA analysis. MTPM is a vector representing
the highest motion on the implant from one time point to
another. The closest we can get to the MTPM using CTMA
is the highest total translation among each of the peripheral
points. We called this the maximum total translation (MTT).
The primary outcome of this study was the difference in
precision of MTT between standard and low-dose CT-RSA.
We also compared the motions and rotations at the center of
mass (COM). This corresponds to the segmental motions and
rotations of RSA. Finally, we compared the translations of
the corresponding peripheral points on the CT-RSA model.
The data for standard dose CT-RSA and RSA was presented
in a previous publication. For further details, please see that
paper [10].

Statistics

All calculations were performed using STATA version 17
(StataCorp LLC, College Station, TX, USA). In RSA, preci-
sion can either be presented as means with 95% confidence
intervals (CI) if normally distributed, or as standard devia-
tions. As our data was normally distributed, the precisions
were presented as means with 95% CI. We tested the equality
of standard deviations (variances) using the sdtest command
in Stata. The corresponding F statistic, the ratio of the vari-
ances, was also calculated.

The primary endpoint of this study was the difference in pre-
cision of MTT between the standard and low-dose CT-RSA.
This was calculated with a mixed-model analysis using dose
as fixed factor and sample number as random effect. Previous
studies show that the precision of MTPM in RSA in TKA is
larger than 0.14 mm [17-20]. On the other hand, an increase
in MTPM of more than 0.2 mm from 1-2 years is shown to
predict early loosening of the implants [7]. Our point of view
is therefore that a clinically meaningful equivalence margin
would be 0-0.10 mm. Thus, if the difference in precision of
standard-dose and low-dose CT-RSA including CI was out-
side this interval, the HO hypothesis would be rejected.

The Digital Imaging and Communications in Medicine
(DICOM) coordinate system of CT-RSA was aligned to the
RSA coordinate system in order to compare the methods, and
was renamed medial, proximal and anterior translation, and
transversal, internal, and varus rotation [10].
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Maximum total translation (MTT), segmental (COM) translation and rotation, and translation
of peripheral points of standard dose (0.08 mSv), low dose (0.02 mSv) CT-RSA, and mean
difference with Cl. The standard dose CTA-RSA data has been published previously [10].

Difference between MTT Id and MTT sd

Values are mean (Cl)

Variable

Standard dose
CT-RSA

Low dose
CT-RSA

Maximum total translation (MTT)

MTT, mm

0.08 (0.07-0.09)

Segmental translation, mm

0.07 (0.06-0.08)

Medial 0.00 (-0.01 to 0.01) 0.00 (-0.01 to 0.01)
Proximal 0.02 (—0.00 to 0.04) 0.00 (-0.01 to 0.01)
Anterior —0.01(-0.02 to 0.00) 0.01 (0.01 to 0.02)
Segmental rotation, °
Transversal 0.01 (0.00 to 0.02) —0.01 (-0.02 to 0.00)
Internal 0.02 (0.00 to 0.04) 0.00 (-0.01 to 0.01)
Varus —0.01 (-0.02 to —0.00) 0.01 (0.01 to 0.02)
Translations of the peripheral points, mm
Tip
Medial —0.01 (-0.01 to v) 0.01 (0.01 to 0.02)
Proximal 0.02 (0.00 to 0.03) 0.00 (-0.01 to 0.01)
Anterior 0.00 (-0.01 to 0.00) 0.01 (-0.00 to 0.01)
Medial
Medial 0.00 (-0.02 to 0.01) 0.00 (-0.01 to 0.01)
Proximal 0.02 (0.00 to 0.04) 0.01 (-0.01 to 0.03)
Anterior —0.03 (—0.04 t0 0.01) 0.02 (0.04 to 0.04)
Lateral
Medial 0.00 (-0.02 to 0.01) 0.00 (-0.01 to 0.01)
Proximal 0.02 (0.00 to 0.04) —0.01 (-0.03 to 0.01)
Anterior 0.01 (0.00 to 0.02) 0.01 (0.00 to 0.02)
Anterior
Medial —0.01 (-0.03 to 0.00) 0.00 (-0.01 to 0.01)
Proximal 0.02 (0.00 to 0.03) 0.04 (-0.01 to 0.01)
Anterior 0.02 (0.00 to 0.03) 0.01 (0.01 to 0.01)
Posterior
Medial 0.01 (-0.011t00.08 —0.01 (-0.02 to 0.01)
Proximal 0.02 (0.01 to 0.04) 0.00 (-0.02 to 0.01)
Anterior —0.01 (-0.02 to 0.00) 0.01 (0.01 to 0.02)
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Figure 3. Bland-Altman plot of the mean
maximum total translation (MTT) precisions
(X-axis) and difference of precision (Y-axis).
1/21 (4.8%) outside the limits of agreement.
MTT Id = low dose, 0.02 mSv and MTT sd =
standard dose, 0.08 mSv.

(Table). The precision and mean differ-
ence of precision for COM translations
and rotations, and peripheral point trans-
lations are also given in the Table.

Discussion

Our aim was to assess the impact of
dose reduction on precision of CT-RSA
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University Hospital. The authors declare no conflict of inter-
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Results

This study shows that the precision data of MTT of the low-
dose CT-RSA (mean 0.07, CI 0.06-0.08) are comparable with
standard-dose CT-RSA (mean 0.08, CI 0.07-0.09) (Table,
Figure 3) with an F-statistic of 0.99 (CI 0.63-1.55),P=0.9
and a corresponding sdtest of 1.05 (CI 0.43-2.58), P =0.9.
The mean difference in precision was 0.01 (CI 0.00-0.02)

on tibial implants comparing it with pre-
viously published data on precision of
standard dose CT-RSA on tibial implants [10].

We showed that implementing a low-dose protocol with
75% reduction in radiation dosage can maintain precision
comparable to that of a standard CT dose (Table). Further-
more, our results indicate that the precision achieved through
the low-dose protocol surpasses that of RSA when assessing
tibial implants [10]. The results in the Table also indicate that
the lower precision in out-of-plane motions that RSA studies
may be subject to is hardly relevant to CT-RSA [21-22].

CT-RSA is a novel method. It has been shown to have high
accuracy and precision on migration analysis in shoulder
and hip arthroplasty [9,12-13]. The documentation on tibial
implants is, however, still rather sparse. We recently published
a phantom study, which showed that CT-RSA had higher pre-
cision than RSA [10]. To our knowledge, this is the only publi-
cation on tibial implants using CT-RSA. Clinical documenta-
tion of this is therefore still lacking.

CT is known to have a much higher radiation dose than RSA,
where we use a combination of 2 simultaneous X-ray images.
In total hip arthroplasty, published effective doses of radia-
tion vary between 0.2 and 0.8 mSv using CT-RSA [8,23-24],
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and 0.10-0.15 mSv using RSA [25]. Our group recently pub-
lished a study showing that we can achieve high precision using
CT-RSA on tibial implants with an ED of 0.08 mSv [10]. The
use of low-dose CT-RSA would hold clinical significance if it
could effectively reduce radiation exposure while maintaining
precision, thereby mitigating the risk of cancer associated with
higher radiation doses [26]. RSA, on the other hand, is a diffi-
cult procedure to analyze, and for radiographers to implement.
The images must also quite frequently be retaken to show a
sufficient number of tantalum markers for analysis. In CT-RSA,
we need no bone markers, implant markers, or CAD models.
CT scanners are also available at all hospitals, with no need
for extra equipment. The main argument against CT-RSA,
as opposed to RSA, has been the radiation dose. As there is
a dose-response relationship between radiation dose from CT
scans and risk of cancer, lowering the radiation dose is of para-
mount importance [26]. In our previous study, we were able to
show that the ED was only 16 times higher with CT-RSA than
with RSA [10]. Thus, if we can reduce the ED by 75%, and if
we bear in mind the occasional retakes of the RSA, the 2 meth-
ods require approximately the same ED levels. With the even
higher precision of CT-RSA, the fact that CT scanners are read-
ily available in hospitals worldwide, and that the method is both
easier to perform for radiographers and to analyze for surgeons/
radiologists, CT-RSA has the potential to take over the role of
RSA, without the risk of higher radiation doses.

Limitations of the study

The main limitation of our study is that it is a porcine cadaver
study and not a clinical study. However, we believe that to
use this method in a clinical study, it is imperative to show
in advance that it works in a cadaver study. Despite the use
of very low EDs in our study, for clinical verification we
would still have to add this radiation dose to any other radia-
tion exposure. We are of the opinion that it is a more ethical
and clinically safe procedure to perform a phantom study in
advance of a clinical study. Further, we used a porcine rather
than a human cadaver. Human and porcine anatomy and bone
structure are, however, quite similar [27]. Another limitation
is that we used only 1 cadaver. This was done for practical
purposes. We are aware that this makes the samples depen-
dent on another, and in an ideal world we should have used
21 unique samples. On the other hand, similar study designs
have been used in other cadaver studies previously [9-10,28-
30]. The MTPM, a vector with no direction, representing the
point of an implant that moves the most from one time point to
another, is very important in migration and precision research
[7,31-32]. However, MTPM is not currently available for cal-
culation in the CTMA software. Despite this, the 5 peripheral
points cover the surface of the implant, and thus also address
this shortcoming. The peripheral point with the highest trans-
lation has previously been shown to be a good estimate of
MTPM [33]. Nevertheless, it is likely that MTPM will soon be
available in the CTMA software.

Strengths of the study

The study also has several strengths. First, this is the first study
to show that CT-RSA with as low an ED as 0.02 mSv provides
sufficient precision on tibial implants. CT-RSA only focuses
on surface models of bones and implants, not soft tissue. This
is probably the reason why we can reduce the radiation without
sacrificing precision. Although the conversion factor is much
higher in the hip (0.011) than the knee (0.0004) [16], the prin-
ciples shown in this study are likely to apply to several other
joints and implants. This, however, still remains to be proven.
Second, we compared our results with previously published
data on CT-RSA, and could thus compare the results directly,
because all the data was collected at the same time and under
the same circumstances.

CT-RSA will probably be the future measuring tool for
migration studies. This study therefore adds important knowl-
edge to this field of research.

Conclusion

The precision of low-dose CT-RSA for tibial implants on a
porcine cadaver is equal to standard dose CT-RSA. However,
these findings should be confirmed in clinical trials.
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