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Abstract

Radiostereometric Analysis (RSA) is an established
method for measuring the motion of the skeleton.
However, in order to measure dynamic joint kine-
matics, RSA requires expensive, custom-built hard-
ware. Furthermore, the working volume is restricted
to the region around where the beams intersect.

The Single-plane RSA Flouroscopy (SPRSAF)
has the potential to overcome these limitations. This
paper is the first validation of SPRSAF versus RSA
on images with clinical image quality.

The results say that SPRSAF has a rotational
error of (1.3, 2.9, 11.6) degrees for rotation about
the three primary axes. The corresponding transla-
tion results are (8.5, 1.0, 1.5) mm. This indicates
that SPRSAF has the precision needed to be clin-
ically useful in at least four of the six degrees of
freedom.

1 Background

1.1 Radiostereometric Analysis (RSA)

Radiostereometric Analysis (RSA) was developed
in the 1970-ies by Göran Selvik [7, reprint of 1974
thesis]. The method is a high precision method for
measuring micro-motion in the skeleton in vivo.
It uses two simultaneous exposures of implanted
biomedically inert markers in the skeleton. The
main applications have been implant fixation and
wear, see e.g. [2, 3], but also joint stability and
kinematics, fracture stability, and skeletal growth.

1.2 Dynamical RSA

Despite the popularity of RSA, the method has
a number of limitations for measuring joint kine-
matics (motion patterns) dynamically. The main

limitation is that the combined requirement of syn-
chronized image pairs, image resolution, and frame
rate is only possible with customized hardware (see
e.g. [6, 9]). Furthermore, the range of motion pos-
sible to study is restricted by the region where
the crossing beams intersect and (if implants are
present) the necessity to avoid over-projection the
markers by any implant component in either of the
two images.

1.3 Objective

The Single-plane RSA Flouroscopy (SPRSAF)
method [11] has the potential to overcome some
of these limitations. The method was recently val-
idated in a phantom setting [1]. The objective of
this study was to validate the method in a setting
that would provide an image quality closer to the
clinical situation.

2 Materials and Methods

2.1 Materials

One post-mortem human left knee specimen was
thawed overnight at room temperature. An or-
thopaedic surgeon performed a total knee replace-
ment using CR-Flex femoral and tibial components
(Zimmer, Warsaw, IN). 1.0 mm tantalum beads
were inserted into the distal femur, proximal tibia,
and polyethylene liner. The specimen was installed
on the robotic testing system (Figure 2)[4]. The
neutral path of the knee was determined by run-
ning the robot in its passive, 5DOF mode. To
obtain images at different flexion angles, the robot
later applied the neutral path to the knee and im-
ages were obtained at discrete steps corresponding
to of 0, 20, . . . , 120, 130, 120, 100, . . . , 20, 0 degrees
of flexion.



 

26

25

27

1 3

13

2

4 5

6 7 8

9 10

12

21

33

22

11

23

24

528

411

39

28

29

30

31

32

34

35

36

37

38
419

417

412413 414
415416

526

418

527
529

521522
523

524 525

 

 

  

26

25

27

1 3

11

2

4 5

6 8

9

12

21

33

22

(7)

(10)

13

23

24

528

411

39

28
29

(30)

31

32

34

35

36

37

38
419

417

412 413 414
415416

526

418

527
529

521522
523

524525

 

 

 

Figure 1: One RSA image pair of the knee.

Figure 2: The cadaver knee installed on the robotic
test system. Two portable radiographic units used
to obtain images for RSA.

For the RSA examinations, the RSA calibra-
tion cage (Cage 43, RSA Biomedical, Umea, Swe-
den) was placed behind the specimen and bi-planar
DICOM radiographs were taken using two portable
radiographic units positioned approximately 40 de-
grees apart from one another. The image resolu-
tion was 9 pixels/mm (223DPI). One RSA image
pair is shown in figure 1.

For the SPRSAF examinations, images were
taken with a GE OEC 6800 Miniview C-arm with
a 9 inch (29cm) detector and a detector grid of
1024x1024 pixels. The C-arm is capable of tak-
ing multiple frames per second. However, for this
study, each image were taken in the static mode.
One of the C-arm images are shown in Figure 3.

One data set was defined as fifteen image pairs,
one at each flexion angle. In this study, five data

Figure 3: One frame from the single-plane image
series.

sets were acquired for each of the RSA and SPRSAF
methods. The calibration images needed for the
SPRSAF method [1] were taken a few months later.

3 Methods

RSA analysis was performed using UmRSA v.6.0
(RSA Biomedical, Ume̊a, Sweden). SPRSAF anal-
ysis was performed with custom-designed software [1]
using the rigid body shapes obtained from the first
RSA image pair as reference. The principle be-
hind the three-dimensional reconstruction of both
methods are shown in Figure 4. The relative mo-
tion of the femur with respect to the tibia from
the reference position was calculated with both
methods for every one of the recorded flexion an-
gles. The discrepancy between the relative mo-



tion parameters calculated by both methods were
recorded.

4 Preliminary results

The preliminary results after analyzing one data
set are shown in Figure 5. The average difference
(2RMS) over one whole cycle was (1.3, 2.9, 11.6)
degrees in extension-flexion, internal/external ro-
tation, and adduction/abduction. The translational
difference average difference was (8.5, 1.0, 1.5) mm
(2RMS) in the transverse, longitudinal, and anterior-
posterior direction, respectively.

5 Discussion

Measurements of joint kinematics with optical sys-
tems and skin-mounted markers have been used
for many years. However, soft tissue motion with
respect to the underlying bones induces compara-
tively large errors in the estimated skeletal motion,
see e.g. [8].

Marker-based X-ray measurements using dual-
image conventional radiography [6] or bi-planar
flouroscopy [9] offer the highest precision but re-
quire purpose-built radiographic hardware.

Single-image shape-matching techniques that
uses the known geometry, e.g. a CAD model of
an orthopaedic implant has the advantage that no
markers are necessary. However, the smoothness
of the implant and manufacturing imprecision due
to casting and polishing decrease the measurement
accuracy [5, 10], especially in the beam direction.

The detection limit of a measurement method
for joint kinematics is determined by 1) the im-
precision inherent to the method, 2) the patient
intra-variability (ability to accurately repeat the
same motion twice) and 3) the variability between
patients. In order to estimate the patient-related
error sources, the method-related error source first
has to be determined.

When any method is used on patients, a num-
ber of confounding factors are added compared to
measurements on phantoms under ideal laboratory
condition. The presence of soft tissue reduces the
image quality substantially and adding the right
amount of soft tissue equivalent is difficult. Fur-
thermore, a patient is more difficult to position
optimally with respect to the X-ray equipment.
Thus, the clinical applicability of a method val-
idated only on phantoms under ideal laboratory
conditions is questionable. At the same time, the
large expected patient intra-variability makes re-
sults from repeated measurements on patients —

or indeed the same patient — difficult to analyze.
Previous validation papers on SPRSAF have ei-

ther been computer-based simulations[11] or
phantom-based with no soft tissue present. This
study is the first to validate SPRSAF on images
that includes soft tissue. Furthermore, since a hu-
man knee was used, the kinematics should be close
to the in vivo kinematics. Despite that the cali-
bration images were not taken at the same time
as the image sequences, the preliminary results
show small errors for four of the six motion pa-
rameters. The larger error in the transverse axis
parallel to the beam direction is consistent with
previous studies [1].

Although shape-matching techniques are being
improved, marker-based techniques such as Single-
Plane RSA Flouroscopy has a high precision po-
tential since a) the rigid-body pose can be deter-
mined from a few markers and b) the marker po-
sitions can be determined accurately in the radio-
graphs. The motion analysis is applicable to both
implanted and implant-free patients — if mark-
ers are inserted into the host bone of an artificial
joint, the kinematics of the implant can still be an-
alyzed. Further studies will refine the knowledge
of the precision of SPRSAF and its applicability
to clinical studies of joint kinematics.
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Figure 4: In RSA (left), the marker positions are calculated from the intersection of two rays. In SPRSAF
(right), the marker positions are calculated by fitting the known shape of the rigid body to one bundle of
rays.
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