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ABSTRACT - The problem of determining the noise lev-
el in any measuring system remains urgent. Radiostereo-
metric analysis (RSA) is a radiographic system of unique
accuracy which has applications in areas where minute
motions or no motion at all occurs. Examples are micro-
motion between endoprostheses and bone and in fracture
healing.

We have determined the accuracy of the RSA system
as applied to a clinical series of spinal fusions, where the
conditions for RSA were not optimal. Using the usual
test-retest methodology on a phantom, we showed that
its accuracy can be grossly overestimated in the individ-
ual case.

We found considerable variations in the accuracy in
the individual case, depending on the rigid-body config-
uration. The overall accuracy, expressed as 3-D “vec-
tors” for rotation and translation, respectively, correlat-
ed with the condition number, a method for characteriz-
ing the marker configuration. Indeed, the condition
number explained as much as 92% of the variation in
overall rotation. This condition number, however, can-
not be used to analyze the accuracy of one degree of free-
dom of rotation alone. Mathematical simulation of the
accuracy in the individual case of the individual dimen-
sion, using in-house software, showed that the accuracy
(95% confidence) varied between 0.4 and 4.6 degrees of
rotation about the transverse axis, corresponding to a
clinical stress series of extension and flexion.

During the past decade, radiostereometric analysis
(RSA) has emerged as a valuable tool for studying
various problems in the musculoskeletal system
(Kérrholm 1989). RSA permits perfect character-
ization of motion in all 3 dimensions. This has

been used to investigate the locomotion pattern of
the shoulder joint (Hogfors et al. 1991), kinemat-
ics of the knee (Nilsson et al. 1991b, Nilsson
1992) and the kinematics of the intact knee joint
with ligamentous injuries (Kérrholm et al. 1988).
More importantly, RSA has an accuracy which is
about an order of magnitude better than conven-
tional radiography. This fact has been utilized in a
number of publications regarding the fixation of
prosthetic components after hip and knee arthro-
plasty (Ryd et al. 1988, 1990, Nilsson etal. 1991a,
Onsten et al. 1994, Toksvig-Larsen et al. 1995,
Kirrholm et al. 1996), the healing patterns after
spinal fusions (Johnsson et al. 1990, 1992) and the
stability of the intact spine (Axelsson et al. 1992,
1997). All these latter investigations rely on high
and well-controlled accuracy, since the presence
or absence of motion often constitutes the crucial
effect parameter used.

In any measuring system, there are always some
input errors. These errors produce “noise” in the
results and the magnitude of this noise defines an
interval of the result parameter where the measur-
ing system cannot be used, i.e., measurements of
motions smaller than the resolution of the measur-
ing system used are not possible. Determination of
the accuracy of RSA has usually been done by
test-retest investigations. In the absence of a gold
standard, this is the only feasible method (Ran-
stam et al. 1999). Test-retest evaluations under
conditions of no true motion is one way to mimic
a gold standard, i.e., the true motion is assumed to
be zero. In most RSA publications, this has been
an important part of the study.

However, such test-retest procedures on a ran-
dom sample of patients in an investigation will

Copyright © Taylor & Francis 2000. ISSN 0001-6470. Printed in Sweden — all rights reserved.



404

Acta Orthop Scand 2000; 71 (4): 403—408

only yield an approximation of the truth hidden in
the entire cohort of patients. As such it will repre-
sent a mean accuracy of a number of investiga-
tions of a number of patients. Given a reasonably
consistent number of markers and rigid-body con-
figuration, which is wusually the case, this
procedure can be sufficient and has been a stan-
dard procedure in RSA (Selvik 1974).

In principle, however, in any cohort of patients
there will be individuals with marker configura-
tions allowing an accuracy better than the statisti-
cal value and others with a value worse than that
value. In investigations where the factors affect-
ing the accuracy are hard to control, there will be
large variations in the accuracies for individual
cases. Such a scenario can be translated into a sit-
uation where patients will show motion values
above or below a mean computed accuracy which
does not apply to such individual cases. Faulty in-
terpretations regarding the presence or absence of
motion will result.

Our article concerns the cervical spine after fu-
sion. The clinical data have previously been re-
ported elsewhere (Lofgren et al. 1999). The accu-
racy of the RSA system was first determined by
test-retest examinations of a phantom represent-
ing the typical marker configuration aimed at in
this particular application. Subsequently, test-re-
test examinations were carried out on a number of
randomly chosen patients. Finally, assessment of
the accuracy was performed on all patients using
in-house software (Yuan et al. 1997, Yuan and Ryd
1999) to arrive at a correct interpretation of the
RSA results.

Material and methods

36 in a total cohort of 43 patients undergoing one-
segment fusion in the cervical spine, using au-
tografts, allografts or xenografts, were marked for
RSA during surgery. Marking was undertaken by
placing 3 or 4 tantalum markers (diameter = 0.8
mm) in the vertebrae adjacent to the fusion. RSA
radiographs were obtained postoperatively and af-
ter 6, 12 and a mean of 36 months, using the con-
vergent-ray set-up (Selvik 1974). The radiograph-
ic set-up was first calibrated with a calibration
cage of Plexiglass using markers of known posi-

tion in each of the 4 walls and with reference
planes, also provided with markers, between the
cage and the film cassettes. Subsequently, the
cage was removed but the reference planes were
retained during the patient examinations. The
patients were first examined during maximum
extension of the cervical spine when facing away
from the cassettes. After this, exposures were
obtained during maximum flexion while facing 90
degrees different from the first exposures in order
not to have the teeth obscuring the tantalum mark-
ers. The radiographs were manually digitized us-
ing a digitizing table with an accuracy of about
0.02 mm (Hasselblad Engineering, Gothenburg,
Sweden). The primary result variable was rotation
about the transverse axis, as determined by RSA,
between maximum extension and flexion as com-
pleted voluntarily by the patient (Lofgren et al.
1999). The aim of the study was to determine
whether or not fusion had occurred—that is, was
there motion at the fusion level or not during the
flexion-extension exercise? The accuracy of the
RSA system was thus of the utmost importance.

A Plexiglass rod was constructed and provided
with 2 x 4 tantalum markers in a configuration re-
sembling the optimum achieved in the patients. 12
RSA examinations were performed on this rod
with and 10 without submersion in water, repre-
sentative of soft tissue. Slight changes in position
and X-ray tubes were done between exposures.
Compilation of data was done according to the
formula

D! D?

- = +
X-Tot, y-rot...z-transl -rot...z-trans] = INEAN = SD

X-TOt, Y-

where the mean of an indefinite number of tests
will approach zero and can therefore be neglected.
The SD is a measure of the accuracy (Ranstam et
al. 2000).

Test-retest examinations were performed on 8
patients. Double provocations were performed in
the sequence max. extension — max. flexion —
max. extension — max. flexion. Data were arranged
so that the first pair provided the first result
parameter and the second pair the second result
parameter in the test-retest set-up. Compilation
was performed as above.

A system for determination of the accuracy of
RSA in the individual patient was developed
(Yuan et al. 1997, Yuan and Ryd 2000). Here the
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marker configuration of the two vertebrae, as
measured on the digitizing table and computed by
the standard RSA technique, of each case was im-
ported into MATLAB. In MATLAB, an identical
KINEMA part of the RSA program was written.
Measurement errors of a magnitude (zero mean,
SD = 0.04 mm, unbiased) coincidental with those
of the measuring table used were randomly gener-
ated and added to the error-free data imported into
the program. Subsequently, KINEMA calcula-
tions were performed in MATLAB 1000 times
with different errors added each time. 1000 mo-
tions were thus computed for each of the 6 degrees
of freedom of motion in space (x-rot, y-rot,...z-
transl.). The mean of these motions approached
zero and the SD of each degree of freedom of mo-
tion was calculated for each patient individually.
The SD represents the noise in the system. This
individual accuracy was related (regression analy-
sis) to the condition numbers as provided by the
RSA program (UmRSA, Unicum, Umed, Swe-
den).

The condition number = 1/ (d,2+d,*+.....d 2)"2,

where d = the distance between each marker and
an arbitrary straight line passing through the clus-
ter of markers. By a mathematical algorithm, the
condition number is minimized, i.e., the “best”
position and direction of the straight line are
found. The larger the value, the more the markers
align with the line, i.e., the less they lend them-
selves to the provision of high accuracy.

The condition number is thus a mathematical
expression of how the markers in an object of in-
terest, i.e., a “rigid body”, relate to an arbitrary
straight line passing through that rigid body
(Soderkvist and Wedin 1993). To allow compari-
son between the arbitrary straight line and the
condition number, the overall rotations and trans-
lations from the simulations were calculated by
the 3D Pythagorean theorem and related to the
condition numbers of the two rigid bodies in-
volved. For “small” rotations, such overall com-
putation is permissible (Selvik 1974).

Results

Determination of the accuracy of the RSA system

Table 1. Results from 8 double stress investigations per-
taining to rotation about the transverse axis, corre-
sponding to the motion from first maximum flexion fol-
lowed by maximum extension

Case First Second Difference
stress series stress series
28 9.1 0.9 8.2
29 0.1 21 -2.0
30 0.3 0.5 -0.2
31 0.9 -0.6 1.5
32 0.2 1.1 -0.9
33 24 3.1 -0.7
34 -0.3 -0.7 0.4
35 -0.2 -0.3 0.1
0.8 +3.2(SD)

used here by the phantom Plexiglass rod showed
that the influence of water, i.e., “soft tissue”, was
negligible and the two sets of data were combined.
The SD was found to be 0.18 degrees and 0.06
mm, respectively. Using the 95% confidence lim-
it, the accuracy could thus be determined as 0.36
degrees and 0.12 mm for rotation and translation,
respectively.

Double stress examinations were performed on
8 patients. The results are shown in Table 1. For-
mal compilation of the SD yielded a value of 3.2
degrees for rotation about the relevant transverse
axis. There were large differences between the
two stress examinations and it was obvious that
the biological variability in performing a volun-
tary maximum extension followed by a maximum
voluntary flexion was considerable.

The results of the simulations are shown in
Table 2. For the relevant x-axis rotation, the SD
ranged from 0.18 to 2.26 degrees. Since the condi-
tion number is a 3-D value giving the overall af-
finity to the straight line that passes through the
rigid body in any direction, the mean value for the
SD of all three rotations is given. The correlation
between this mean rotational accuracy and the
condition number was r’= 0.93 (p <0.0001)
(Figure). The correlation between the SD__,  and
the condition number was 2= 0.20 (p <0.0001)
(Table 2). As expected, there were large varia-
tions in the rotational accuracies about the indi-
vidual axes in the same patient. Further, the condi-
tion number explained a much smaller portion of
the variability of the mean translational accuracy,
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Figure. Regression analysis between the 3-D vectorial SD
of rotations and the condition number. The correlation is
very significant (p < 0.00001).

r2= 0.36. Finally, marker instability was not a
problem in this study and the mean error was well
below the usual threshold of 200 1m in most cases
(Table 2).

Discussion

As stated earlier, the use of RSA is commonest in
applications where measurements of minute mo-
tions are performed. Often the question is whether
or not there is any motion at all. In this study, the
question whether the fusion had or had not healed
was assessed. In these instances, perfect control of
the accuracy of the system becomes imperative.
Usually, in RSA, accuracy is assessed by test-
retest, or double, examinations. In a series of test-
retest pairs, the variation of the measurements can
be determined. The SD represents a measure of
the reproducibility and translates into accuracy if
the true value is known. If not, it represents the
precision of the system. Assessment of the accura-
cy of the system using double examinations of the
Plexiglass rod yielded results which were compat-
ible with previous determinations. Thus in the
knee, the accuracy has previously been deter-
mined to be about 0.3 degrees at the 95% confi-
dence limit (Ryd et al. 1986). The slightly inferior
accuracy here can be explained by the smaller size
of the vertebral rigid bodies, as modelled by the
Plexiglass rod. The rigid bodies in the patients,

Table 2. Results of simulations. SD of transverse axis ro-
tations and condition numbers. The columns correlate
at p <0.007

Case Condition SD, transverse Mean Error

number 2 axis rotation (segm.1/segm. 2) P
1 90 (90/90) 0.201 55/103
2 109 (97/1121) 0.260 85/222
3 184 (108/260) 0.311 132/103
4 108 (94/121) 0.278 101/87
5 124 (95/154) 0.179 321/354
6 181 (189/173) 0.613 57/181
7 127 (102/152) 0.315 122/220
8 166 (215/116) 0.201 118/93
9 891 (105/1677) 2.262 255/241
10 138 (114/163) 0.367 83/190
11 138 (134/142) 0.304 133/98
12 143 (161/125) 0.196 51/224
13 300 (133/466) 0.50 98/159
14 194 (153/235) 0.560 124/83
15 122 (139/106) 0.299 168/114
16 1276 (2273/279) 1.052 50/148
17 144 (140/147) 0.359 33/105
18 331 (533/129) 1.136 61/73
19 116 (114/118) 0.374 130/110
20 148 (163/134) 0.302 156/151
21 189 (140/238) 0.381 101/46
22 233 (303/163) 0.872 97/91
23 130 (114/147) 0.317 82/47
24 233 (154/312) 1.369 138/41
25 133 (114/152) 0.303 265/255
26 284 (183/386) 0.578 163/142
27 391 (370/412) 1.366 104/57
28 166 (114/217) 0.528 72/133
29 166 (184/149) 0.332 110/110
30 1712 (430/2994) 0.580 93/26
31 210 (265/156) 0.710 100/119
32 122 (102/142) 0.249 75/95
33 246 (89/404) 1.475 175/31
34 122 (82/161) 0.291 70/101
35 256 (126/385) 0.841 129/108
36 156 (155/158) 0.511 96/119

@ The mean of the two condition numbers were used for
the regression analysis. The condition numbers for
segment 1 and segment 2 are given in parentheses.

b The mean error is different at each point in time. Data
given represent the mean error between the first and
the last examination. This represents a worst-case
scenario, the true mean error in the computations
(extension-flexion) were often much smaller.

however, did not correspond to the models in the
plexiglass. Their sizes and configurations were
worse and often there were only 3 markers in each
rigid body.

We therefore reverted to the double stress series
investigation. The results here were erratic and re-
flect 2 basic problems in this part of the study.
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First, motion could take place between the rigid
bodies in the interval between the 2 stress series.
Thus, there was no known true value.

Secondly, when asked to perform a motion
twice, the patients were unable to do so with any
degree of reproducibility. This biological variabil-
ity was added to, and grossly overwhelmed the
technical variability under scrutiny. This finding
has considerable implications for the interpreta-
tion of the actual patient-related data, which can
be disregarded here. In this methodological study
on accuracy, double stress investigations did not
yield usable information. Such paradoxical results
due to erratic biological behavior have been found
previously (Fridén et al. 1992) and the phenome-
non constitutes a problem inherent to all measure-
ments of dynamic activities of patients.

Regression analysis of the data from individual
simulation showed that the condition number ex-
plained well over 90% of the variability in the
mean rotational accuracy. This supports the con-
ceptual fact that the condition number “by defini-
tion” represents the accuracy. This is only true,
however, regarding rotation about the arbitrary
straight line and only 20% of the variability of ro-
tation about the x-axis was accounted for. In a per-
fect situation, where the markers in each individu-
al case are isotropically distributed in the object of
interest, that is located in the corners of a tetrahe-
dron, and their centers of gravity are close (Yuan
et al. 1997), the accuracy in all dimensions is lin-
early related to digitizing errors alone. The influ-
ence on the accuracy of an increasing “mean error
of rigid body fitting”, that is, of a decreasing
marker stability, has been investigated previously
(Ryd 1986). Soderkvist and Wedin (1993) showed
that the error increased exponentially with
increasing condition number, but an in vivo inves-
tigation of the matter has not been performed. A
previous experimental study, however, has point-
ed to the effect of isotropically-situated markers
and showed results compatible with ours (de-
Lange et al. 1990).

An increasing condition number indicates that
the marker configuration approaches that of a
straight line which may have any direction. When
this is the case, the accuracy of the rotational de-
termination about the axis parallel to this straight

line will decrease. Determinations of rotational
accuracy in directions perpendicular to the line,
however, may be very accurate. For this reason,
assessment of rotational accuracies about individ-
ual axes from the condition number will be mis-
leading by definition. In this study, the actual ac-
curacy of measurements of rotations about the
transverse axis ranged from 0.35 degrees, a fairly
normal RSA accuracy, to as much as 4.4 degrees
(at 95% confidence level) with, again, a poor cor-
relation to the condition number. Simple measure-
ments directly on the radiographs would have
been more accurate. Finally and to conclude the
issue, it should be noted that the rigid-body con-
figuration has a much smaller effect on the trans-
lational accuracy, as confirmed by the findings in
this study.

Despite the best of intentions, using a prospec-
tive and randomized protocol, the clinical investi-
gation upon which this report was based repre-
sents a study where the use of RSA was problem-
atic. The cervical vertebrae are small, it is hard to
control the insertion of the markers during the op-
eration and this resulted in large variations in
shape, size and number of markers in the different
rigid bodies of these patients. Other RSA studies
of the cervical spine have had the same problems
(Zoega et al. 1998). In this investigation, provoca-
tion in extension and flexion was performed. The
primary result variable by RSA was thus rotation
about the transverse axis. We have shown how the
accuracy in the individual case for this particular
dimension can be pin-pointed. Without the use of
the simulation routine, the data from the clinical
study could probably not have been used for sci-
entific purposes. With simulation, more accurate
interpretation of results should be attainable.

The accuracy of RSA depends on a large num-
ber of factors including radiographic equipment,
RSA set-up, number of markers, size of and dis-
tance between marker configurations. In this in-
vestigation, we focused on the importance of rigid
body configuration. The accuracy varies greatly
also with reasonable RSA characteristics. We have
shown how determinations of the accuracy of
RSA, or of any other system for kinematic assess-
ment dealing with noisy input data, can be per-
formed using computer simulation. The method
improves the consistency of RSA in clinical appli-
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cations where the methodology, for practical rea-
sons is compromised. The best way to ensure high
accuracy in RSA is to insert the markers so that
large, rigid bodies with many markers are arrived
at. In such cases, simulations are superfluous.
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