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Abstract

Background 1In clinical trials of THA, model-based
radiostereometric analysis (RSA) techniques may be less
precise than conventional marker-based RSA for mea-
surement of femoral stem rotation. We verified the
accuracy and clinical precision of RSA based on computer-
aided design models of a cementless tapered wedge
femoral stem.

Questions We asked: (1) Is the accuracy of model-based
RSA comparable to that of marker-based RSA? (2) What is
the clinical precision of model-based RSA?
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Methods Model-based RSA was performed using com-
bined three-dimensional computer-aided design models of
the stem and head provided by the implant manufacturer.
The accuracy of model-based RSA was compared with
that of marker-based RSA in a phantom model using
micromanipulators for controlled translation in three axes
(X, y, z) and rotation around the y axis. The clinical
precision of model-based RSA was evaluated by double
examinations of patients who had arthroplasties (n = 24)
in an ongoing trial. The clinical precision was defined as
being at an acceptable level if the number of patients
needed for a randomized trial would not differ from a trial
done with conventional marker-based RSA (15-25
patients per group).

Results The accuracy of model-based RSA was 0.03 mm
for subsidence (translation along the y axis) (95% CI for
the difference between RSA measurements and actual
displacement measured with micrometers, —0.03—0.00)
and 0.39° for rotation around the y axis (95% CI, —0.41 to
—0.06). The accuracy of marker-based RSA was 0.06 mm
for subsidence (95% CI, —0.04-0.01; p = 0.728 compared
with model-based RSA) and 0.18° for the y axis rotation
(95% CI, —0.23 to —0.07; p = 0.358). The clinical preci-
sion of model-based RSA was 0.14 mm for subsidence
(95% CI for the difference between double examinations,
—0.02-0.04) and 0.79° for the y axis rotation (95% CI,
—0.16-0.18).

Conclusions The accuracy of model-based RSA for
measurement of the y axis rotation was not quite as high as
that of marker-based RSA, but its clinical precision is at an
acceptable level.

Clinical relevance Model-based RSA may be suitable for
clinical trials of cementless tapered wedge femoral stem
designs.
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Introduction

Radiostereometric analysis (RSA) is a unique method for
assessment of translational and rotational micromovement
of implant components in randomized clinical trials of
THAs [7, 12, 18]. Because of its high accuracy and pre-
cision, trials of RSA are powered with relatively few
subjects (approximately 15-25 patients) [24]. However,
standard RSA techniques have the major disadvantage of
requiring attachment of at least three tantalum markers on
the implant surface (marker-based RSA), requiring
expensive manufacture of implants with approved modifi-
cations. Model-based RSA techniques were introduced to
solve this problem [11].

Model-based RSA techniques use surface models of
implant components based on computer-aided design
(CAD) models [10, 11, 20], reverse-engineered implant
models [11, 23], or elementary geometric shapes
[10, 14, 20]. However, a new issue of reduced precision has
emerged. The large variation in contemporary cementless
femoral component designs [13] has proved to be a chal-
lenge because the shape of a stem can largely dictate the
precision of model-based RSA [20]. Differences between
actual projection of the implant and the virtual contour of
three-dimensional surface models also might produce
methodologic inaccuracies [20, 23]. As a consequence,
model-based RSA has shown larger SDs than conventional
marker-based RSA, especially with measurement of stem
rotation [10, 14, 23]. This lower precision has been partly
solved by adding the surface model of the femoral head in
the stem model [20]. Owing to these technical issues, a
validation experiment of accuracy and precision is rec-
ommended before starting a model-based RSA trial
[10, 20, 23]. Accuracy is related to measurement errors and
is defined as the closeness of agreement between the test
result with RSA imaging and the direct measurement of
implant position using a highly accurate measurement tool,
which has a resolution substantially better than RSA [21].
Validation of accuracy requires the use of a phantom model
in which accurate translations and rotations can be con-
trolled by means of micromanipulators [4, 16, 19, 22].
Validation studies of model-based RSA have focused on
measuring “the accuracy of zero motion” in phantom
models [10, 20], when there is no controlled micromotion
of the implant, but the whole phantom is subjected to
repeated RSA imaging in different positions. Precision is
synonymous with repeatability [24]. The clinical precision
of RSA is assessed by double examinations of trial patients.

Tapered-wedge femoral stems have become popular
owing to their clinical results [5, 15], and one of these was
selected to evaluate the success of cementless THA in our
randomized clinical trial of postmenopausal women with
osteoporosis (ClinicalTrials.gov NCT01926158). Before

starting the RSA trial, we decided to assess the accuracy
and clinical precision of model-based RSA for the selected
tapered wedge femoral stem (Accolade™ II, Stryker™
Orthopaedics, Mahwah, NJ, USA) using the advantages of
state-of-the-art RSA technology (combined stem-head
models) and access to high-quality CADs of the stem
provided by the implant manufacturer.

Therefore, (1) we determined the accuracy of model-
based RSA for the selected femoral stem in a phantom
study and compared the results with those of the gold
standard (marker-based RSA), and (2) evaluated the clin-
ical precision of model-based RSA in trial subjects.

Materials and Methods

This study was designed to verify the relevance of model-
based RSA for measurement of translational and rotational
migration of a cementless tapered wedge femoral stem.
Before starting the trial, we followed recommendations
[10, 20, 23] and performed a phantom experiment to val-
idate the accuracy of model-based RSA. In the phantom
experiment (Fig. 1), the accuracy of model-based RSA was
compared directly with that of standard marker-based RSA.
Subsequently, clinical precision of model-based RSA was
evaluated in trial subjects.

Phantom Study

The physical phantom model replicated an RSA-marked
cementless THA (Fig. 1A). The model had no simulated
soft tissue envelope (such as immersion in simulated
physiologic fluid) owing to the limited influence on accu-
racy [22]. The phantom consisted of a plastic model of the
right human proximal femur (model 2021; Sawbone AG,
Karlihof, Switzerland) with an inserted femoral stem
component (Accolade@ II, size 6 with 127° neck angle;
Stryker"'})), a metallic head (LFITTM anatomic cobalt-
chrome femoral head, size 36 mm; Stryker‘:'@), and an
acetabular component (titanium cup with polyethylene
insert; Stryker™), placed in the proper anatomic position
and fixed rigidly to a base plate. Six tantalum beads with a
diameter of 1 mm (RSA BioMedical Innovations AB,
Umea, Sweden) were attached to the greater and lesser
trochanters of the plastic bone (Fig. 1A). The femoral stem
had three tantalum 1 mm diameter RSA markers attached
by plastic studs: one in the shoulder, one in the collar, and
one in the distal tip (Fig. 1B). This distribution of the
implant markers simulated the typical marker configuration
in clinical RSA trials. The plastic femur was attached
distally to a high-precision x, y, z translation stage (M-
460A-XYZ, Newport Corporation, Irvine, CA, USA) and a
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Fig. 1A-C (A) The original
phantom model consisted of a
total hip prosthesis and a plastic
model of the human proximal
femur with six tantalum RSA
bone-markers. (B) To achieve
unrestricted motion of the stem,
the femur model was replaced
by a plastic tube with tantalum
markers (open circles). Only the
plastic tube model was applied A
in the current phantom study.
For marker-based RSA, three
implant markers (arrows) were
attached by plastic studs in a
configuration similar to that in
clinical RSA-marked stems. (C)
The implant construct was
rigidly fixed to the base plate,
forming the nonmovable portion
of the phantom. The plastic
femur/tube was distally attached
to an X, y, z translation stage
and a y rotation stage with
micrometers (arrows) for highly
controlled simulation of stem
migration in relation to the sur-
rounding bone.

C

high-precision rotation stage (M-UTR80, Newport Corpo-
ration) instrumented with three SM-13  Vernier
Micrometers (Newport Corporation). According to the
manufacturer, the micrometers were accurate to 1 pm for
translation with an angular deviation less than 0.009° and
accurate to 1/60° for rotation with a wobble of £ 0.003°.
The implant construct and the translation stage were rigidly
fixed to the base plate. The implant construct formed the
nonmovable portion of the phantom while the plastic femur
was the moving part. Because contact-free relative motion
of the femoral stem and the plastic femur was difficult to
secure, the plastic femur was replaced by an 80-mm
diameter transparent plastic tube (Fig. 1B). The positions
of the RSA markers in the proximal part of the tube were
kept as close as possible to the positions of the markers in
the plastic femur model. This experimental setup (Fig. 1C)
eventually was used in the whole phantom study and the
data of the plastic femur model were not applied. The
plastic tube model allowed simulation of relative migration
of the stem in a highly controlled manner in relation to the
surrounding bone along the three axes (X, y, z) of the linear
movements and around the longitudinal axis (y) of the
angular movement. The inserted markers defined distinct
rigid body segments (femoral stem, simulated proximal
femur). According to the definition described by Karrholm
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et al. [12], migration of the femoral stem was considered to
be the relative displacement of rigid body segments
between the femoral stem and the simulated bone.

Clinical Trial

The clinical precision of model-based RSA was determined
at the planned 3-month interim analysis of the first 24 trial
patients (mean age + SD, 68.3 £ 5.4 years; BMI £+ SD,
26.8 + 3.7 kg/m?).

RSA Imaging

Image analyses were performed according to the RSA
guidelines [24]. A uniplanar RSA arrangement was used,
with one ceiling-mounted radiograph unit (Philips Optimus
50; Philips Medical Systems DMC GmbH, Hamburg,
Germany) and one portable radiograph unit (Siemens
Mobilett Plus; Siemens-Elema AB, Solna, Sweden). A
uniplanar calibration cage (Cage 43; RSA BioMedical
Innovations AB) was placed under the examination table.
The radiograph tubes were positioned to make the radio-
graph beams cross each other at a 40° angle at the site of
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the hip implant. The film—focus distance was set at 165 cm.
The radiograph tubes were operated simultaneously to
obtain paired images (stereoradiographs). During repeated
RSA imaging of the phantom, paired images were taken at
various settings simulating different amounts of stem
migration in terms of translations along three axes (x, y, z)
and rotations around the y axis. This was achieved one axis
at a time by turning one of the micrometers to a predefined
value while the others were set to zero. First, two sets of
image pairs were taken with all micrometers set to zero, to
serve as the baseline measurements. To determine accuracy
in the measurements of translation, the image pairs were
taken at 25-pum, 50-um, 150-um, 1-mm, and 6-mm trans-
lations along each axis. To determine the accuracy in
measurements of rotation around the longitudinal y axis,
the image pairs were taken at 0.5°, 1°, 2°, 5°, and 10° right-
handed rotations (simulated retroversion of the stem). In
total, 42 image pairs were obtained from the phantom for
comparative model-based and marker-based RSA.
Model-based RSA was performed using a combination
of three-dimensional CAD models of the stem and the
head, as described [20]. The combined stem—head models
increase the precision of model-based RSA for rotation
about the longitudinal axis [20]. The CAD models were
provided by the implant manufacturer (Stryker Europe).
These models were converted to the model-based format
(Leiden Biomechanics and Imaging Group, Leiden
University Medical Center, Leiden, The Netherlands).
Model-based RSA measurements were performed using
MBRSA software (Version 3.34; Medis Specials BV,
Leiden, The Netherlands). With marker-based RSA the
images were analyzed with the marker-mode of the
MBRSA software application. As a reference, the images

also were analyzed using UmRSA™ software (Version 6.0;
RSA BioMedical Innovations AB). In both measurements
of MBRSA and UmRSA®, the center of the femoral head
was used as an additional marker to obtain better scatter of
the stem segment and to increase reliability of the mea-
surements. The setup for the clinical RSA imaging of trial
patients, originally standardized in previous phantom [17]
and clinical [1] studies, did not differ from that of the
phantom study.

The adequate spatial distribution of bone RSA markers
was assessed using the condition number [24]. RSA soft-
ware calculates the condition number based on the distance
between each marker and an arbitrary straight line passing
through the cluster of markers in the rigid body. A high
condition number indicates that markers are spaced close to
a line, whereas low condition numbers (< 100-150) indi-
cate appropriate wide marker distribution for reliable
determination of implant migration. The condition number
was low in the clinical trial (median, 26; range, 23-98).
The condition number of bone markers in the phantom
model varied between nine and 38, depending on the
software used. The condition number of implant markers in
the phantom model was 35. The in vivo stability of bone
markers, assessed by calculating the mean error of rigid
body fitting [24], was less than the recommended upper
limit of 0.35 in the clinical trial (median, 0.08; range, 0.01—
0.32).

Statistical Analyses

The accuracy and precision were calculated according to
the recommendations [6, 21]. The accuracy was calculated

Table 1. Accuracy of model-based and marker-based RSA (phantom model)

RSA method Translation (mm) Translation (mm) Translation (mm) Rotation (degrees)
X axis y axis z axis y axis

Model-based RSA

Mean difference —0.01 —0.01 0.02 —-0.23

95% CI (—0.02 to —0.01) (—0.03-0.00) (—0.04-0.07) (—0.41 to —0.06)

Accuracy 0.02 0.03 0.13 0.39
Marker-based RSA

Mean difference 0.00 -0.02 -0.02 —-0.15

95% CI (—0.01-0.01) (—0.04-0.01) (—0.03 to —0.01) (—0.23 to —0.07)

Accuracy 0.02 0.06 0.03 0.18
Marker-based RSA (UmRSA®™)

Mean difference —0.01 —0.01 —0.02 —0.04

95% CI (—0.02-0.00) (—0.01-0.00) (—0.04-0.00) (—=0.17-0.10)

Accuracy 0.02 0.01 0.04 0.30

Mean difference = paired difference between micrometer-measured actual displacements and RSA-measured values; accuracy =t x SD/\/ 2.
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Fig. 2A-D Bland—Altman plots comparing model-based and marker-
based RSA (MBRSA software) for measurement of micromanipula-
tor-induced stem translation and rotation in the phantom model are
shown. The difference between the model-based RSA and marker-
based RSA measurements (y axis) was calculated for each increment
of micromovement and plotted against the mean of the two
measurements (x axis). The two methods showed good global

ast x SD/\/ 2, where t is the critical value of the two-tailed
95% t-distribution with eight degrees of freedom and SD is
the standard deviation of the differences between the val-
ues measured by RSA and the actual displacements
induced by micrometers (Table 1). As recommended by
Bland and Altman [3], direct comparison of the established
technique (marker-based RSA) and model-based RSA was
performed using Bland—Altman plots with 95% limits of
agreement (mean difference £ 1.96 x SD) (Fig. 2). This
approach was selected because correlation analyses are not
recommended for comparison of two methods [9]. Bland—
Altman plots assess the degree of agreement between two
quantitative measurements. The difference between the two
paired measurements is plotted against the mean of the two
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agreement for measurement of (A) x axis translation, (B) y axis
translation, (C) z axis translation, and (D) y axis rotation. The dashed
line represents the mean of the differences, which was close to zero in
each comparison, suggesting that model-based RSA measurements
were not biased. The two solid lines represent the 95% limits of
agreement.

measurements. The graphic approach shows any systematic
difference between the two measurements (the bias) and
the range of agreement. Bland—Altman plots do not directly
show if agreement between the two methods is sufficient.
The normal distribution of accuracy data was verified and
the statistical comparison of the two methods for the two
main endpoints (the measurements of y axis translation and
y axis rotation) was performed using a t-test for indepen-
dent samples. Clinical precision of model-based RSA was
determined from the results of double examinations of trial
patients (Table 2). The clinical precision was calculated as
t x SD, where t is the critical value of the two-tailed 95%
t-distribution with 23 degrees of freedom and SD is the
standard deviation of the differences between the paired
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Table 2. Clinical precision of model-based RSA in 24 trial patients

RSA method Translation (mm) Translation (mm) Translation (mm) Rotation (degrees) Rotation (degrees) Rotation (degrees)
X axis y axis Z axis X axis y axis Z axis
Model-based RSA
Mean difference  —0.01 0.01 —0.03 0.01 0.01 —0.01
95% C1 —0.04-0.02 —0.02-0.04 —0.07-0.013 —0.08-0.10 —0.16-0.18 —0.09-0.08
Clinical precision 0.13 0.14 0.47 0.41 0.79 0.39

Mean difference = paired difference between the measurements of double examinations; 95% CI = for the mean difference; clinical precision =

t x SD.

measurements of double examinations. The clinical preci-
sion of model-based RSA was defined as being at an
acceptable level if a power analysis indicates the number of
patients needed for a randomized trial will not differ from a
trial done with conventional marker-based RSA. Ran-
domized trials of marker-based RSA have required 15-25
patients per group [24]. Statistical analyses were performed
using IBM SPSS Statistics Version 23.0 (IBM Corporation,
Armonk, NY, USA).

Results

The accuracy of model-based and marker-based RSA was
high and, based on Bland-Altman plots (Fig. 2), the results
of the two methods showed high agreement.

The accuracy of model-based RSA was 0.03 mm for
measurement of subsidence (translation along the y axis)
(95% CI for the difference between RSA measurements
and actual displacement measured with micrometers,
—0.03 to 0.00), and accuracy for measurement of rotation
around the y axis was 0.39° (95% CI, —0.41 to —0.06)
(Table 1). Accuracy of the marker-based RSA was 0.06
mm for measurement of subsidence (translation along the y
axis) (95% CI, —0.04 to 0.01; p = 0.728 compared with
model-based RSA) and 0.18° for rotation around the y axis
(95% CI, —0.23 to —0.07; p = 0.358). The marker-based
modes of MBRSA and UmRSA™ software showed similar
accuracy.

Double examinations of trial patients (Table 2) con-
firmed a relevant clinical precision of model-based RSA.
Clinical precision was 0.14 mm for the measurement of
subsidence (translation along the y axis) (95% CI for the
paired difference of double examinations, —0.02 to 0.04)
and 0.79° for rotation around the y axis (95% CI, —0.16 to
0.18).

Based on the least precise axis (rotation around the y
axis) and assuming a difference of 0.4° in stem rotation
between two groups, the calculated number of patients
required for a randomized model-based RSA trial will be
13 per group, which is at the acceptable level.

Discussion

In clinical studies of cementless THAs, applications of
model-based RSA may have low precision owing to
unfavorable surface geometries of the femoral stems,
such as tapered round shapes [13], and inaccuracies of
the available CAD models [10, 11]. Therefore, we fol-
lowed the international guidelines for standardization of
RSA research [24], which recommend validation of
RSA accuracy in a phantom model and documentation
of the clinical precision. We improved precision of
measurement of stem rotation by using a combined
stem—head model [20]. We also gained access to the
high-quality CADs of the implant manufacturer to
overcome possible problems related to the quality of
CAD models [10, 23]. Attention also was paid to
numerous factors that dictate the intralaboratory preci-
sion of any RSA [22], including a standardized
radiographic setup and accurate patient positioning
[8, 17], and the number and configuration of bone
markers [16, 22]. This approach allowed us to address
our research questions regarding the accuracy and
clinical precision of model-based RSA for the selected
femoral stem design under optimal conditions.

We acknowledge limitations to our study. First, we did
not perform the phantom study using different configura-
tions of bone markers. Such an experiment could confirm
our assumption that precision of model-based RSA is
sensitive to correct configuration of bone markers, and high
condition number is a risk factor for inaccuracies. We also
did not analyze the effect of simulated soft tissues on RSA
accuracy. Second, the phantom model included analysis of
rotation only around the y axis, because simulated stem
rotations around the x axis (rotation forward) and z axis
(varus—valgus) are technically challenging. However, our
clinical precision measurements included measurement of
rotation around all three axes, and, as in previous studies
[10, 14, 20, 23], the results confirmed that the y axis is the
least precise in model-based and marker-based RSA. Thus,
the focus of RSA research should be on the y axis. Third,
we did not perform a clinical comparison of model-based
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and marker-based RSA for the Accolade™ II stem. The
manufacturing and regulatory processes for an RSA-
marked Accolade™ II stem would have been unrealistic
just for the needs of the planned trial. Fourth, the results of
our model-based RSA are relevant only for the stem design
under investigation and are not directly applicable to dif-
ferent designs of cementless femoral stems. However, it is
likely that adherence of the principles of our protocol
makes it possible to successfully apply model-based RSA
for various designs of cementless tapered femoral stems.
Finally, the quality of the CAD models provided by the
manufacturer was not tested against high-resolution
reverse-engineered models of the stems, because the
comparison would have required purchase of a whole
spectrum of stems of different sizes and different neck
angles and offsets for scanning the reverse-engineered
surface models. In addition, we did not analyze the results
using the elementary geometric shape mode of the MBRSA
software, which is one of the model-based RSA techniques.
Although elementary geometric shape-based RSA seems to
be a good alternative to marker-based RSA for certain stem
designs [11], in a clinical trial of a tapered wedge femoral
stem [14] the method showed low precision in measuring
stem rotation.

Model-based RSA was highly accurate for measurement
of translation (20-130 pm), corresponding to the level of
accuracy (10-60 pm) observed in our marker-based RSA
and in previous phantom model studies of marker-based
RSA [4, 19, 23]. The Bland—Altman plots showed the
closeness of the model-based and marker-based measure-
ments. Accuracy of model-based RSA for measurement of
rotation around the longitudinal y axis was relatively high
(0.39°) and corresponded to the phantom RSA results
obtained with low- and high-resolution reverse-engineered
models [23], but still was lower than the Ilevel
(0.18°-0.30°) achieved with marker-based RSA. However,
it is evident that the difference in rotational accuracy
between model-based and marker-based RSA was not seen
in the clinical precision measurement of stem rotation.

Determination of clinical RSA precision is mandatory
before a trial [24]. Double examinations must be made for
each patient in marker-based and model-based RSA trials,
because each patient has a unique bone marker configura-
tion. Model-based RSA had similar clinical precision with
measurement of translation along three axes (variation,
0.13-0.47 mm) than in clinical trials of different RSA-
marked femoral stems, including the Taperloc® stem
(Biomet, Warsaw, IN, USA) (0.11-0.33 mm) [14], the
VerSys‘@ stem (Zimmer Inc, Warsaw, IN, USA) (0.10-0.19
mm) [2], and the Furlong\@ stem (JRI Ltd, London, UK)
(0.08-0.12 mm) [25]. Model-based RSA also had an
acceptable clinical precision (0.79°) for measurement of
rotation around the y axis, which was similar to results of
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recent clinical trials of RSA-marked Taperloc@ (0.62°)
[14], VerSys®™ (0.98°) [2], and Furlong®™ stems (0.30°)
[25]. Our successful clinical application of model-based
RSA probably reflects sufficient quality of the applied
CAD models and optimal distribution of RSA bone
markers. The median condition number was 26, which is
well below the recommended upper limit of 100 or 150 for
hip prostheses.

Our results support the concept [10] that model-based
RSA may be suitable for clinical trials of cementless
tapered wedge femoral stems. For other stem designs, the
key is to verify the quality of stem—head CAD models in a
phantom model. It is important to have proper configura-
tion of bone markers to ensure a low condition number and
high precision. At best, the clinical precision of model-
based RSA can match that of marker-based RSA, and
therefore the number of patients needed for a randomized
trial will not differ from a trial done with conventional
marker-based RSA.
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