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Abstract
Implant migration is a predictor of arthroplasty survivorship. It is crucial to monitor the migration of novel hip pros-
theses within premarket clinical investigations. RSA is the gold standard method, but requires calibrated radiographs
using specialised equipment. A commercial computed tomography micromotion analysis solution is a promising alterna-
tive but is not yet available for use with monobloc ceramic implants. This study aimed to develop and validate a CT-based
spatial analysis (CTSA) method for use with ceramic implants. A phantom study was undertaken to assess accuracy and
precision. A ceramic hip resurfacing arthroplasty (HRA) and 20 tantalum beads were implanted into a synthetic hip
model and mounted onto a 6-degree of freedom motion stage. The hip was repeatedly scanned with a low dose CT pro-
tocol, with imposed micromovements. Data were interrogated using a semiautomated technique. The effective radiation
dose for each scan was estimated to be 0.25 mSv. For the head implant, precision ranged between 0.11 and 0.28 mm for
translations and 0.34�–0.42� for rotations. For the cup implant, precision ranged between 0.08 and 0.11 mm and 0.19�
and 0.42�. For the head, accuracy ranged between 0.04 and 0.18 mm for translations and 0.28�–0.46� for rotations. For
the cup, accuracy ranged between 0.04 and 0.08 mm and 0.17� and 0.43�. This in vitro study demonstrates that low dose
CTSA of a ceramic HRA is similar in accuracy to RSA. CT is ubiquitous, and this method may be an alternative to RSA
to measure prosthesis migration.
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Introduction

Aseptic loosening is the most common cause of revision
surgery after hip arthroplasty.1 Early implant migration
can predict long-term revision risk,2 and its detection is
a crucial metric to assess the safety of novel prostheses
prior to their widespread adoption. Roentgen stereo-
photogrammetric analysis (RSA) can measure three-
dimensional (3D) migrations decomposed into transla-
tions and rotations, and is the gold standard technique.
Because it is highly accurate, RSA can be used as a sur-
rogate measure for implant survival with small sample
sizes,3 ideal for clinical safety investigations of new
implants. Less accurate solutions such as EBRA4 offer
the benefit of being entirely markerless, and therefore
can be utilised retrospectively, but the reduction in
accuracy leads to a higher sample size requirement.

Despite its exactness, the introduction of the model-
based version and recommendations for its use as a
screening method for migration,2,5–8 RSA has not
become widely adopted as part of the premarket safety
analysis of new implants. It requires calibrated radio-
graphs taken with specialised equipment, technical
expertise, and bespoke analytical software. This is both
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time-consuming and expensive, and the patient is
exposed to a high radiation dose, so RSA has been con-
fined to use in dedicated centres. Computed tomogra-
phy (CT) is a ubiquitous method to create high-
resolution 3D images of voxels of submillimetre size. A
commercial solution, computed tomography micromo-
tion analysis (CTMA, Sectra, Linköping, Sweden) is a
promising alternative to RSA which uses CT scans to
determine movements between implants and bones in a
similar fashion to RSA with similar accuracy and preci-
sion,9–12 but is not yet available for use with all
implants.

Traditional RSA involves the attachment and
implantation of small radiopaque markers – such as
tantalum beads – onto the implant and into the skele-
ton during surgery, to serve as landmarks. Model-
based RSA is considered a more convenient alternative
as it does not require beads to be inserted into the
implant, although they are still implanted into the ske-
leton. Model-based RSA has been shown to be ade-
quate to assess clinical migration of acetabular cups,13

femoral stems14 and resurfacing heads.15 In both RSA
methods the patient is positioned carefully above a cali-
bration cage before stereographic radiographs are
taken to determine the location of the bone markers
and to create a three-dimensional frame of reference.
The number of markers inserted must be high enough
to allow redundancy in case of any unexpected marker
movement or bone changes, although this is unlikely to
occur significantly within the timeline of a premarket
clinical investigation. In traditional RSA, the implant is
also located using markers. In model-based RSA the
implant is located using reverse-engineered implant
models or manufacturer CAD models.13–15 The relative
position between implants and bones can be calculated.
Taking a series of RSA images over time can indicate
whether an implant is moving relative to its host bone.

Several groups have demonstrated how CT may be a
suitable alternative for assessing migration of implants
after hip arthroplasty. Some of these studies have used
tantalum beads embedded into implants10,12 and others
have used a model-based method to measure migration

without modifying the implants.9,16–18 One of these
groups has developed an entirely markerless system10

which has the potential to be used in routine clinical
practice. In the current study, a semi-automated low
dose CT spatial analysis (CTSA) method was devel-
oped for assessing migration in a monobloc ceramic hip
resurfacing implant within a premarket clinical investi-
gation. Implant material can affect CT acquisition as
image artefacts from ceramic implants may distort
anatomical features. This system therefore uses bone
markers. Studies have shown that the implant design13

and CT protocol16 affect migration analysis validity.
Validation of this method is therefore necessary before
its use in a clinical investigation.

The aim of this study was to establish the accuracy,
precision and reproducibility of our CTSA method in a
monobloc ceramic hip resurfacing through a phantom
study.

Methods

A Phantom study was chosen as the means to assess
accuracy, precision and reproducibility of the new
CTSA method. Published phantom studies with syn-
thetic bone have been used to assess technique accuracy
and precision in femoral stems,19,20 acetabular cups12,21

and hip resurfacings.15 All of these studies used double
measurements to assess precision. Some studies used a
motion stage to compare calculated accuracy to
inputted movements,12,20 whilst others used traditional
RSA as a gold standard to compare to.15,19,21 This
study utilised a motion stage.

Phantom set-up

A custom phantom with a similar radio-opacity to
bone was made from nylon using selective laser sinter-
ing to replicate a left hemi-pelvis and proximal femur
(Figure 1). Depending on whether the migration of the
acetabular cup or femoral head implant was being mea-
sured, either the hemi-pelvis or femur was mounted
onto a high-precision 6-axis motion stage. This

Figure 1. Co-ordinate system for imposed migration on phantom pelvis. The rig is shown set up for measuring cup migration.
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comprised an XYZ 25mm translation stage with
0.010mm resolution (model PT3/M), a rotation stage
with 0.040� resolution (model PR01/M) (Thorlabs,
Inc., Newton, NJ, USA) and a6 10� goniometer with
0.083� resolution (model 66-536, Edmund Optics,
York, UK). It could simulate migration in three direc-
tions of translation (superior-inferior, medial-lateral,
and anterior-posterior) and around three axes of rota-
tion (flexion/extension, abduction/adduction, and inter-
nal/external rotation).

Eighteen 1mm spherical tantalum beads were
inserted and fixed into the periacetabular surface of the
hemi-pelvis model and proximal femur model, replicat-
ing the distribution for markers in clinical RSA trials
(Figure 2(b)). These markers defined two distinct rigid
body segments. A cementless 40mm H1 ceramic
femoral head resurfacing implant was glued inside a
cementless 47mm H1 ceramic cup (Embody
Orthopaedic Limited, London, UK) to represent the
head-cup construct in the clinical setting. To measure
cup migration, the head-cup construct was rigidly fixed
to the femur model, which was mounted in an anatomi-
cal position to the phantom’s base plate (Figure 2(a)).
The hemi-pelvis model was mounted to the motion
stages. There was sufficient clearance between the cup
and the reamed acetabulum of the hemi-pelvis model
so that the hemi-pelvis could move freely around the
implant construct. Migration was then simulated by
moving the hemi-pelvis model and beads around the
implants. This was done in lieu of moving the implants
relative to the beads as it allowed for the clinically rele-
vant scenario of both implants being present in one
scan (Figure 2(c)). Conversely, to measure head migra-
tion, the implant construct was rigidly fixed to the
hemi-pelvis model, which was mounted in an anatomi-
cal position to the phantom’s base. The femur model
was mounted to the motion stages with sufficient clear-
ance between the head implant and the femur for small

movement; migration was simulated by moving the
femur model and beads around the implant construct
(Figure 2).

CT protocol

The phantom was orientated in a CT scanner
(Somatom Definition AS+ ; Siemens, Munich,
Germany) to mimic a clinical examination. The region
of interest was centred around the hip joint, to be as
small as possible to include all the beads in the pelvis
superiorly (in the ilium), medially (in the pubis), and
the lesser trochanter inferiorly, resulting in an exposure
length of around 16.7 cm. Scans were performed with
tube potential 100 kVp, tube current 20mA, slice thick-
ness 0.6mm and slice increment 0.6mm, resulting in a
voxel size of 0.34mm3 0.34mm3 0.6mm. This CT
protocol (Figure 3) resulted in scans consisting of 279
slices with a CT dose index volume (CTDIvol) of
1.05mGy and a dose length product (DLP) of
17.5mGycm. Using the conversion factor (k) for the
pelvis recommended by the American Association of
Physicists in Medicine of 0.01522 this gave an estimated
effective dose (E) of 0.26mSv, where E=k*DLP,
though actual radiation dose depends on patient char-
acteristics23 and individual effective doses will be
reported alongside the clinical results. When 10 consec-
utive patients who had this ceramic HRA implanted
were scanned using the low dose CT protocol used in
this study as part of an ethically-approved clinical trial
(clinicaltrials.gov NCT03326804), their mean effective
dose was 0.316 0.02mSv, which represents a small
increase compared to the experimental dose estimate.

Relative movement measurement

A semi-automated algorithm, written in Matlab
(R2018a, The Mathworks, Inc.) was used to compare

Figure 2. (a) Phantom pelvis mounted on motion stage, (b) Phantom pelvis with tantalum beads inserted into surrounding bone and
hip resurfacing arthroplasty head and cup implants and (c) A CT topogram showing appearance and orientation in the CT scanner.
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the relative position of implant and beads between a
‘reference’ scan and the ‘target’ scan, to produce a mea-
surement of relative translation and rotation. The algo-
rithm consisted of the following stages:

Segmentation. Beads and implants were segmented from
the two CT scans (Mimics v17.0, Materialise, Leuven,
Belgium). The mating implant (e.g. the cup implant,
when analysing migration of the head implant) and any
artefact (defined as scatter radiating from the implant
surface) were removed from the model. Operators were
trained to recognise artefact. The segmented bead
masks were exported as grey-values and coordinates
describing each voxel. Beads were 1mm in diameter.
Given the voxel size was 0.34mm3 0.34mm3 0.6mm,
a bead would typically be represented as several adja-
cent voxels, but the segmented mask of voxels would
not be spherical. The use of grey-values allowed the
centre of the bead to be determined based on the spatial
weighting of relative grey-values, rather than simply fit-
ting a 1mm diameter sphere to the voxels. The implant
was exported as a mesh.

Bead location. The beads were converted into spherical
bead centres, with each bead represented as a single
XYZ coordinate. The centre of each bead was calcu-
lated as the centre of mass of the weighted grey values
in each cluster of masked voxels.

Implant matching. Implant meshes from the reference
and target scans were manually visually aligned to pro-
vide a robust starting point for matching their surfaces
(3-matic v9.0, Materialise). An operator-independent
automated iterative closest point algorithm (Matlab
R2018a, Mathworks) was then applied to finely match
the two implants to achieve a best fit.

Bead matching. The bead centres from the reference and
target scans were introduced and automatically reposi-
tioned to align with the new implant positions. An
operator-independent iterative closest point algorithm24

was used to define the transformation between the two
sets of paired bead centres. The condition number, a

measure of the appropriateness of the marker distribu-
tion,25 was reported and monitored.

Movement decomposition. The transformation between
bead centres from the reference and target scans was
decomposed into three translations relative to the cen-
tre of the implant, and three rotations about the centre
of rotation of the motion stage. In a clinical examina-
tion, this would represent the movement (migration) of
an implant in relation to fixed beads.

Frames of reference. The position of the rigid body of
markers in relation to the implant was reported as six
parameters, representing six degrees of freedom: three
translations along the X (proximal-distal), Y (medial-
lateral) and Z (anterior-posterior) axes in mm, and 3
rotations about these axes in Euler angles.

Precision

The precision of the CTSA method was calculated by
performing double measurements – two consecutive
CT scans of the phantom with no imposed displace-
ment of the implant – and calculating any difference in
implant position. Precision is presented as the 1.96x the
standard deviation of these calculated measurements.26

A reference scan followed by nine double measurement
scans were first performed with the phantom set up to
measure head migration, and then repeated with the
phantom set up to measure cup migration. After each
scan, the phantom was removed from within the CT
gantry and placed back in approximately the same
position to mimic a clinical double measurement. Two
investigators (KL and SGC) independently applied the
CTSA method to assess inter-observer reproducibility.

Accuracy

Accuracy was determined by comparing the CTSA
measured movement to defined rig movements.26 A ref-
erence scan and then a displacement protocol of 17
imposed translations and then 15 rotations was per-
formed (Supplemental Appendix A); first with the
phantom set up to simulate head migration and then
repeated with it set up to simulate cup migration. The

Figure 3. Low dose CT protocol for hip prosthesis migration analysis.
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range of migrations used were chosen to represent
potential implant migration magnitudes. For transla-
tions, the increments increased between 100mm and
1mm in the X, Y and Z directions. For rotations, the
increments increased between 0.2� and 2� around the X-
axis, and between 0.17� and 2� in the Y- and Z-axes.
There were no combined translations and rotations.
The phantom as a whole was not removed and reposi-
tioned in between CT scans. Accuracy was calculated as
the 1.96x root mean squared error between the imposed
and measured values.

Statistical analysis

The normality of data was assessed with the Shapiro-
Wilk test. Bland-Altman plots were constructed to
visually show the agreement between the imposed and
measured values and any systematic bias in the CTSA
method. The average of the imposed and measured
migration is plotted on the X-axis, and the signed error
(the difference between the imposed and measured
migration) is plotted on the Y-axis. Reproducibility of
the method between two observers was measured by
the F-statistic of analysis of variance from the expected
zero error with a p-value \ 0.05 considered significant.
Statistical analyses were performed using Prism v8.0
(GraphPad, GraphPad Software, La Jolla, CA, USA).

Results

Bead placement

The condition numbers of the beads in the pelvis and
femur were 16 and 20 respectively, well below 120,
which was judged to be acceptable.25

Precision

The precision of the CTSA method was measured sepa-
rately for head and cup implant migration in 10 consec-
utive scans with no imposed migration, allowing for
nine double-measurement comparisons. The precision
(defined as 1.963SD) for translation of the head

implant ranged from 0.11 to 0.28mm and for rotation
of the head ranged from 0.34� to 0.42� (Table 1). The
precision for translation of the cup implant ranged
from 0.08 to 0.11mm and for rotation of the cup ran-
ged from 0.19� to 0.42� (Table 1).

Accuracy

The accuracy of the CTSA method was measured in 32
scans for head migration (17 translations and 15 rota-
tions) and 31 scans for cup migration (Table 2). The
final cup scan with an imposed rotation of 2� in YY
was not analysed due to movement of the markers
within the phantom. The accuracy (defined as
1.963RMS error) for translation of the head implant
ranged from 0.043 to 0.181mm and for rotation of the
head ranged from 0.280� to 0.455�. The accuracy for
translation of the cup implant ranged from 0.041 to
0.081mm and for rotation of the cup ranged from
0.168� to 0.429�. Bland-Altman plots (Figures 4 and 5)
show the spread of error, centred around zero for both
cup and head, in translations and rotations.

Reproducibility

The reproducibility of the CTSA method was evaluated
by comparing the error in measurement between two
observers (Table 3). The F-test to compare variances
demonstrated no significant differences between the
observers for the cup and head, in translations and
rotations.

Discussion

A CT-based spatial analysis method to measure migra-
tion of an unmodified all-ceramic HRA was developed
and validated. The aim of this method is to be used as
an assessment tool in the release of new implants and
to be implemented as part of a premarket clinical safety
investigation. The benefit of this method over model-
based RSA is that there is no requirement for calibrated
radiographs, which must be taken with specialist equip-
ment which is not widely available.

Table 1. Precision of CTSA method for measuring zero migration on the phantom pelvis.

Implant Rig direction Direction of implant migration Mean signed error Precision (1.96 3 SD)

Head X Superior-inferior (mm) 20.052 0.278
Y Medial-lateral (mm) 0.029 0.267
Z Anterior-posterior (mm) 0.012 0.111
XX Flexion-extension (�) 0.066 0.412
YY Internal-external rotation (�) 0.013 0.423
ZZ Varus-valgus (�) 0.058 0.342

Cup X Superior-inferior (mm) 0.009 0.105
Y Medial-lateral (mm) 0.000 0.076
Z Anterior-posterior (mm) 0.012 0.092
XX Anterior-posterior tilt (�) 20.002 0.187
YY Internal-external rotation (�) 20.029 0.384
ZZ Adduction-abduction (�) 20.025 0.420
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Our method includes operator dependent steps,
which may influence the results, in particular the seg-
mentation of any beads which are distorted by artefact.
In practice this was observed to occur in a minimal
number of beads. The intra-observer analysis showed
no significant difference between operators. This is
likely owing to minimal artefact, low condition number
and the high number of beads, which reduce the sensi-
tivity of the bead registration to any individual bead.
Removal of artefact during implant segmentation was
also operator dependent. In all cases, the majority of
the voxels corresponding to the implant remained after
artefact removal, and the voxels labelled as artefacts
were validated by the observer.

The modification of implants with markers requires
authorisation and assistance from manufacturers, may
alter implant performance, is costly and in some
implants, such as the all-ceramic monobloc HRA used
in this study, it is not possible to impregnate beads into
the device. Ideally, markers would not be required
within the bone either, but CT imaging of monoblock
orthopaedic implants results in metal/ceramic artefacts,
streak artefacts and scatter,27 which gets worse with a

lower dose; while higher radiation exposure is associ-
ated with cancer.28 The hybrid protocol presented here
(beads in surrounding bone, with an unmodified
implant) is a compromise, respecting the ‘as low as rea-
sonably achievable’ principle of ionising radiation while
achieving accuracy and precision comparable to model-
based RSA.

Migration measured at 2 years postoperatively is
accepted as prognostic of long-term implant sur-
vival.8,26 There is a dichotomy of migration patterns
between implants that are well fixed and those that are
at risk of aseptic loosening and subsequent fail-
ure.2,5,29,30 Therefore, thresholds for migration can be
used for assessment of new prostheses.31 Meta-analysis
by matching 2-year RSA migration of prostheses with
10-year survival data showed that for the acetabular
cup implant, 1mm of proximal migration after 2 years
is an unacceptable limit denoting an implant likely to
loosen.2 Given the accuracy of our CTSA method, it
could be used in longitudinal assessment to identify
cups with unacceptable migration. No acceptability
threshold has so far been established for HRA femoral
head implants.

Table 2. Accuracy of CTSA method for imposed migration on the phantom pelvis.

Implant Rig direction Direction of implant migration Mean signed error SD Accuracy (1.96 3 RMS)

Head X Superior-inferior (mm) 0.040 0.068 0.150
Y Medial-lateral (mm) 0.044 0.084 0.181
Z Anterior-posterior (mm) 20.002 0.022 0.043
XX Flexion-extension (�) 20.081 0.169 0.358
YY Internal-external rotation (�) 0.050 0.138 0.280
ZZ Varus-valgus (�) 0.077 0.226 0.455

Cup X Superior-inferior (mm) 0.009 0.020 0.041
Y Medial-lateral (mm) 0.003 0.043 0.081
Z Anterior-posterior (mm) 0.000 0.031 0.059
XX Anterior-posterior tilt (�) 20.073 0.223 0.429
YY Internal-external rotation (�) 0.019 0.090 0.168
ZZ Adduction-abduction (�) 0.041 0.150 0.285

Figure 4. Bland Altman plots of the accuracy of very low dose CTSA to measure translations and rotations of the head implants.
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Our findings should be viewed in the context of lim-
itations. Firstly, this method was validated in an experi-
mental setting using a specific implant and not
accounting for soft tissue; but precision measured in a
phantom study has been shown to be similar to that
measured in a clinical setting, when the same protocol
settings are used.16 Secondly, the model-based method
described in this study matched the contoured rims of
the implants between two scans and used the beads
embedded in the pelvic model to create a frame of ref-
erence. Due to artefact from ceramic attenuation in the
plane of the x-ray beam, not all the contour could be
used for matching. Slices with both head and cup have
more ceramic and thus more artefact in them than
slices with head only or cup only. Both the precision
and accuracy of translations in X and Y axes are higher
(indicated by a lower error) in the cup than the head
implant. Given the nature of a hip arthroplasty implant
(with the head sitting inside the cup), there is more
unattenuated slice data containing the cup only, and
thus more surface area to enable shape matching
between scans. This explains the lower error and also
highlights the importance of validating the method
with both implants in situ.

Reported precisions (when defined as 1.963 SD) for
traditional and model-based RSA in comparable acet-
abular cup configurations range from 0.01 to 0.29mm
for translations and from 0.05� to 0.59� for

rotations.9,10,12,13 Reported precisions for CT-based
migration analysis techniques in acetabular cups range
from 0.03 to 0.16mm for translations and from 0.06�
to 0.37� for rotations.9,10,12 The method presented in
this paper shows comparable acetabular cup precision
to these methods of 0.08–0.11mm for translations and
0.19�–0.42� for rotations.

One study reported the precision (when defined as
1.963SD) of traditional and model-based RSA for a
resurfacing head ranging from 0.04 to 0.82mm for
translations and from 0.10� to 2.20� for rotations.15

The method presented in this paper shows compara-
ble resurfacing head precision to these methods of
0.11–0.28mm for translations and 0.34�–0.42� for
rotations.

The reported accuracy for RSA in other joints varies
between 0.10 and 0.70mm for translations and 0.03�
and 0.5� for rotations.6–8 Brodén et al. undertook a
phantom study, similar to the one reported here, and
found accuracy (defined as 2.573RMS) ranging from
0.08 to 0.32 for translations and from 0.21� to 0.82� for
rotations for cemented and uncemented acetabular
cups.12 The method presented in the current study
shows comparable acetabular cup accuracy (defined as
1.963RMS) of 0.04–0.08mm for translations and
0.17�–0.43� for rotations.

This study used a low dose CTSA method to mea-
sure both imposed translations and rotations, in
femoral and acetabular hip resurfacing implants with-
out modification with both implants in situ. This
method, along with other CT-based motion analysis
methods, has significant advantages over the current
gold-standard, RSA. CTSA uses an implant-based
coordinate system and an unmodified hospital CT
scanner. It enables fast acquisition without the need for
precise patient positioning or additional calibration
cages or radiographer expertise. It should be recog-
nised, however, that some expertise and 10–15min is
required to perform the manual steps described here

Figure 5. Bland Altman plots of the accuracy of very low dose CTSA to measure translations and rotations of the cup implants.

Table 3. Reproducibility of CTSA method, by comparing
variances in error between two observers.

Implant Movements F-statistic p-Value

Head Translations 1.031 0.886
Rotations 1.058 0.938

Cup Translations 1.089 0.551
Rotations 1.628 0.221
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for each image pair, including image registration and
analysis.

Conclusions

This in vitro study demonstrates that CTSA can reli-
ably measure simulated implant migration in a ceramic
monobloc HRA implant using a low dose CT protocol
and does so with an accuracy and precision that is simi-
lar to both RSA and other CTMA techniques. CT is
ubiquitous, so this may be a more feasible method to
measure migration of an unmodified prosthesis after
arthroplasty in multicentre preclinical studies than
RSA. Having established the feasibility, accuracy and
precision of this CTSA method in an experimental set-
ting, our current clinical work is investigating its valid-
ity to measure migration in patients as part of a
premarket clinical safety investigation.
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