
Introduction

Kinematical methods are widely used to describe the func-
tion of the healthy spine, the effect of degeneration or
trauma, or the quality of treatment procedures. For in vitro

experiments on the spine, usually three angles are re-
ported, typically Cardanic/Eulerian angles or projection
angles. Prerequisite for a description of these is a prede-
fined, anatomical coordinate system. The coordinate sys-
tem generally used for the study of the spine spans the
frontal, sagittal and transverse planes. The three Cardanic/
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Eulerian or projection angles can therefore be called lat-
eral bending, flexion–extension and axial rotation angles
[19, 25]. A description of spinal motion by the use of
these angles is readily understood. However, the respec-
tive predefined axes mostly do not reflect the actual rotary
axes of the joint. Furthermore, variations in the localisa-
tion of the axes reduce the reproducibility of results and
may lead to an over- or underestimation of angle values,
called ‘‘crosstalk effect’’ [1, 17]. Moreover, the Cardanic/
Eulerian description is limited, since the three angles are
sequence dependent, i.e., for a given rigid-body move-
ment there exist six different values for each of the three
Cardanic/Eulerian angles [4]. This problem is most evi-
dent in the case of large, coupled vertebral motions. Fur-
thermore, the three translations have to refer to fixed
points. Since, for this reason, their calculation is techni-
cally more demanding than the calculation of angles, most
in vitro studies on the spine concentrate on angles, even if
the translations were relevant.

In view of these limitations, the finite helical axis of
motion has been proposed as an alternative to describe the
three-dimensional rigid-body movement of the spine [15,
16, 19]. At each moment in time, the motion of a rigid
body can be broken down into a rotation about, and a
translation along, a single axis [23]. This axis, which gen-
erally varies in position and orientation from one moment
to the next, is called a helical axis of motion, or screw
axis. The position and orientation of the helical axis, and
the translation along and rotation about it, cover all six
degrees of freedom of the three-dimensional rigid-body
movement. In contrast to the Cardanic/Eulerian descrip-
tion or the description of projection angles, the helical
axes constitute the actual axes of motion of the joint, and
their positions and orientation relative to each other do not
depend on any predefined coordinate system [23].

The helical axes of motion of the spine have mostly been
averaged over large displacements [5, 8, 12, 13, 14, 15,
16, 19, 22, 23]. In these cases, the stochastic calculation
error, which is inversely proportional to the displacement
magnitude, is small [3, 23], whereas the deterministic er-
ror is large. If the helical axes are supposed to reflect a
continuous movement, the displacement over which sepa-
rate axes are averaged should be as small as possible. The
helical axes then are called finite helical axes (FHAs).
Since their displacements are small, FHAs are characterised
by small deterministic errors but large stochastic errors.
Due to these large stochastic errors, not much work has
been published using the finite helical axis method [11,
24]. In 1994, Woltring et al. applied this approach to the
kinematics of the spine [24]. In preliminary experiments,
they estimated the FHAs for flexion–extension move-
ments of the cervical spine and were able to demonstrate
differences in axis position and orientation between healthy
volunteers and patients who suffered from whiplash in-
jury. One year later, Nägerl and co-workers estimated the
FHAs for axial-rotation movements of cadaveric lumbar

spine specimens in order to depict joint function [11]. This
approach was promising, since the movements of the
specimens could for the first time directly be explained by
their anatomy. Unfortunately, however, the authors only
reported points of intersection of the FHAs with prede-
fined anatomical planes.

The aim of the present study, therefore, was to improve
the currently used finite helical axes description using a
recently published less error-prone calculation algorithm
[10], and a new visualisation technique and to apply this
improved method to study the three-dimensional in vitro
kinematics of the spine.

Materials and methods

Data acquisition and FHA calculation

In the testing of spinal segments Cardanic/Eulerian angles, projec-
tion angles or helical axes are generally determined for the supe-
rior vertebra relative to the inferior vertebra. Therefore, raw data of
the three-dimensional movement of the superior relative to the in-
ferior vertebra were needed. The data were collected using a high-
resolution, ultrasound motion-analysis system (WinJaw/WinBio-
mechanics, Zebris, Isny, Germany; measuring frequency 20 Hz, res-
olution 0.1 mm). It comprises two lightweight plastic crosses,
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Fig. 1 An ultrasound motion-analysis system was used to collect
three-dimensional motion data of the upper vertebra, relative to the
lower vertebra, during application of pure-moment loads in a spe-
cially designed spine tester. Data were used to calculate the finite
helical axes of motion and projection angles



which have to be fixed as rigidly as possible to the anterior surface
of the superior and inferior vertebral body (Fig. 1). The cross fixed
to the inferior vertebra is equipped with three ultrasound transmit-
ters for emission of pulsed ultrasound waves, and the cross at the
superior vertebra is fitted with three or four ultrasound receivers.
The time delay between emission of the pulses from the lower
cross and reception by the upper cross was used to calculate the
projection angles for flexion-extension, lateral bending and axial
rotation and to estimate the finite helical axes using the new and
less error-prone algorithm published by Marin et al. 2003 [10].

Error estimation

The measurement error of the FHA description caused by data col-
lection and axis calculation was estimated using two aluminium
bodies, which were connected to each other via a hinge joint. They
were mounted in a spine tester [20] and equipped with the two
crosses of the motion-analysis system. Then three pure-moment
loading cycles were applied with a constant rate of 1°/s until a ro-
tation of ±10° was reached. Position and orientation of the calcu-
lated FHAs were then compared to position and orientation of the
actual rotary axis of the hinge joint.

Visualisation of the FHAs on plane radiographs (registration)

The visualisation of the position and orientation of the FHAs with
respect to the individual anatomy of each single specimen on plane
radiographs implies a proper registration technique. Registration is
defined as the mathematical process for matching the coordinate
system used for data acquisition to the coordinate system used in
the radiographs. For this purpose, at least three landmarks had to
be defined. Since localisation of external anatomical landmarks is
known to be difficult and subjective, artificial landmarks were cre-
ated: three metallic spheres with a central hole and a diameter of
2.5 mm or 4 mm were implanted into the cortex of both the upper
and lower vertebral body, one anteriorly, one at the right side and
one at the left. These positions were chosen because they allowed
also using the spheres to define the coordinate system needed for
calculation of the projection angles. Due to their central cavity, it
was easy to reliably and reproducibly digitise the spheres before
data collection and to locate them on the radiographs, taken in an-
tero-posterior, lateral and axial direction. An additional fixation
device allowed a precise and reproducible positioning of the spec-
imens in the X-ray machine (Faxitron, Hewlett Packard).

Automation of FHA calculation and registration

The evaluation was carried out using a custom-made software tool
written in Matlab 6.5 (The Mathworks, MA, USA). Input parame-
ters were the three-dimensional motion data and digitised antero-
posterior, lateral and axial radiographs. The output consisted of
graphic files showing the finite helical axes superimposed on the
radiographs. Basically, this software tool worked in four steps:

1. The three-dimensional motion data were filtered using a wavelet
transform [2]

2. The helical axes of motion were calculated according to the al-
gorithm published by Marin et al. [10]

3. The radiographs were scaled. This was necessary since the di-
mensions of the specimens on the radiographs did not com-
pletely correspond to their actual dimensions. For this purpose
the actual distance between the spheres was compared to their
distance on the radiographs, and a magnification factor was cal-
culated

4. The calculated finite helical axes were visualised on the scaled
radiographs

Exemplary experiment with a lumbar, prosthetic disc nucleus

In an exemplary experiment the new method was used to describe
the ability of the PDN prosthetic disc nucleus (Raymedica Inc.,
Minneapolis, MN, USA, Fig. 2) to restore the three-dimensional
motion pattern of lumbar motion segments after nucleotomy.

Eleven fresh-frozen, human cadaveric L4–5 motion segments
(mean age 52 years) were thawed at room temperature prior to test-
ing. All soft tissue was removed, leaving the ligaments and joint
capsules intact. For fixation purposes, the upper half of the upper
vertebra and the lower half of the lower vertebra were embedded in
polymethymethacrylate (PMMA). In order to improve the connec-
tion between specimen and PMMA, screws were drilled into the
vertebral bodies prior to embedding. To allow registration, three
metallic spheres were implanted into the cortex of both the upper
and lower vertebral bodies as described above, and the specimens
were X-rayed in three planes.

After this preparation procedure, the specimens were mounted in
the spine-testing apparatus and equipped with the ultrasound mo-
tion-analysis system (Fig. 1). The pearls were digitised with a spe-
cially designed pointer, which could be attached to the lower cross
of the motion-analysis system. Then, the specimens were loaded –
quasi-statically, without axial preload – with pure-bending moments
in flexion/extension, right/left lateral bending and right/left axial ro-
tation. In each loading direction three loading cycles were applied
until ±7.5 Nm were reached. The motion data of all three cycles
were used to calculate the FHAs, and the data of the third cycle
were used to calculate range of motion (ROM) and neutral zone
(NZ) of the projection angles. The same testing procedure was re-
peated a second time after a lateral nucleotomy of the L4–5 inter-
vertebral disc and a third time after implantation of the PDN device.

Results

Error estimation

The FHAs calculated for the hinge joint were lying within
±2.5 mm around the actual joint axis and were inclined
relative to this axis at up to ±1.5°.
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Fig. 2 The PDN prosthetic disc nucleus consists of a hydrogel
core (upper left corner) encased in a polyethylene jacket (lower
right corner). The device is designed to assume the cushioning
function of a healthy disc, while restoring/maintaining disc height
and allowing normal motion



Exemplary experiment with a lumbar, 
prosthetic disc nucleus

The finite helical axes showed large inter-individual dif-
ferences in position and orientation in all loading direc-
tions (Fig. 3). In lateral bending they were either spread
out in the horizontal plane with a central point of intersec-
tion within the anterior third of the disc (Fig. 3, lb I), or
they were lying parallel to each other and oriented in an
antero-posterior direction (Fig. 3, lb II). In flexion-exten-
sion, the FHAs were mostly parallel to each other and
were either running through the disc (Fig. 3, fe I), or
through the inferior vertebra (Fig. 3, fe II). In axial rota-
tion the axes were positioned close to the facet joints. In
some cases they were oriented in cranio-caudal direction
(Fig. 3, ar I); in others they were tilted slightly anteriorly
(Fig. 3, ar II). Nucleotomy generally caused further spread-
ing of the FHAs, indicating large and complex coupled
motions. The implantation of the PDN device more than

reversed this effect: the FHAs did not spread out, but
rather became oriented even more parallel to each other
than in the intact state. This behaviour was most obvious
in lateral bending (Fig. 4a).

In three cases, once in flexion-extension and twice in
axial rotation, the FHAs could not be calculated, because
the time-displacement curves were not monotonic.

Compared to the intact state (100%), nucleotomy in-
creased the ROM in flexion-extension to: in median,
116%; in lateral bending, 124%; and in axial rotation,
116%. Once the PDN device was implanted, the ROM
was reduced to 81%, 96%, and 97%, respectively (Fig. 4b).

Discussion

This paper describes the improvement of the finite helical
axes description using a less error-prone calculation algo-
rithm and a new visualisation technique. It also presents a
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Fig. 3 Typical position and
orientation of the FHAs of in-
tact lumbar L4–5 segments
during pure-moment loading 
in lateral bending (lb I, lb II),
flexion-extension (fe I, fe II)
and axial rotation (ar I, ar II).
Inter-individual differences in
position and orientation of the
axes were large. However, for
each loading direction, two
typical patterns could be de-
fined. Note the three pearls
implanted into the cortex of
both upper and lower vertebral
bodies. These were used for
registration



first application of this improved method to the study of
the three-dimensional in vitro kinematics of the spine.

Error estimation

The performance of the description of the finite helical
axis strongly depends on the measurement error, which is
determined by the following factors:

– The accuracy in raw data acquisition. This point in-
cludes the motion-analysis system itself, as well as er-
rors caused by its fixation to the specimen. As to the
motion-analysis system, the resolution specified by the
manufacturer was 0.1 mm for the distance between
each ultrasound transmitter and receiver. The additional
error caused by possible oscillations of the lightweight
plastic crosses during motion was minimized by, first,
fixing the crosses to the specimens as rigidly as pos-
sible and second, filtering the remaining noise using a
wavelet transform [2]

– The stability in calculating the position and orientation
of the finite helical axes. This includes the effect of the
position and attitude of the ultrasound markers on the
calculation error. On the plastic crosses of the ultra-
sound motion-analysis system used in the present study,

the three markers were placed on the three vertices of
an isosceles triangle. The three angles of the triangle
were 65°, 65° and 50°. This marker configuration was
shown to be associated with smaller errors for the cal-
culation of angular and translational displacements, as
compared to a position with angles of up to 160–170°
[7]. A further factor shown to influence the calculation
error is the distance between the markers and the centre
of rotation of the joint. The closer the markers are to the
centre of rotation, the smaller the errors are for rota-
tions and translations [7]. This effect also applies to the
calculation of helical axes [18, 23]. Thus, in order to
minimize the calculation error, the distance between the
markers and the specimen should be kept as small as
possible. However, if this distance becomes too small,
the error caused during data acquisition increases.
Therefore, in practice, a compromise is needed between
these two competing error sources

– The accuracy in registration, i.e., in agreement between
the coordinate system used for data acquisition and that
used in the radiographs

The measurement error of the first two of these three points,
i.e., the accuracy in raw data acquisition and the stability
in calculation, was experimentally estimated by the use of
a hinge joint. Even though the angular step between two
consecutive helical axes was very small (<0.1°), the finite
helical axes calculated with the algorithm described by
Marin et al. [10] only had a maximum distance to the real
hinge-joint axis of 2.5 mm and a maximum tilting relative
to the real axis of 1.5°. This validation experiment in-
cludes all competing error sources caused by data acquisi-
tion and axes calculation during a real experiment. Conse-
quently, it directly depicts the error of the actual test set-
up, whereas mathematical error estimations, as proposed
by Woltring et al. [23] or Veldpaus et al. [18], would only
provide theoretical errors for single error sources.

The measurement error caused by the third of the three
points, the registration, depends on many factors, such as
the kind of X-ray apparatus or the position of the speci-
men with respect to film and focus. This additional error,
therefore, has to be determined separately for each exper-
iment. If small specimens such as cervical spine speci-
mens are X-rayed in the apparatus used for the present ex-
periments (Faxitron, Hewlett Packard) the image distor-
tion is less than 3%. However, if large lumbar specimens
are X-rayed, distortion may exceed 10%. Thus, future im-
provements of the present finite helical axes description
should focus on reducing the image distortion of large
specimens.

Interpretation of finite helical axes

Finite helical axes can easily be interpreted if the follow-
ing basic considerations are taken into account:
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Fig. 4 a Under pure-moment, lateral-bending loading, the FHAs
of some of the intact L4–5 segments were spread out in the trans-
verse plane (specimen No. 276, light FHAs). In some others (spec-
imen No. 676, light FHAs) as well as after implantation of the
PDN-device, they were parallel to each other in an antero-posterior
direction (specimen No. 276, dark FHAs; specimen No. 676, dark
FHAs). b Range of motion (ROM) and neutral zone (NZ) in lateral
bending were almost restored after implantation of the PDN de-
vice. Mean and range of 11 specimens after normalisation to the
individual intact ROM



– If the movement takes place about a fixed centre of ro-
tation, all FHAs pass through this centre of rotation

– During motion, the displacement of any anatomical
structure increases with increasing distance to the FHA

– In an unstable segment, the FHA is assumed to migrate
towards the remaining intact structures [9]

– The FHA direction in space presents the amount of ro-
tational coupling that occurs during the movement. The
helical axes of a pure lateral-bending movement, for
example, would be oriented in a strictly antero-poste-
rior direction. However, if a flexion movement was
coupled, the axes would, to a certain degree, addition-
ally be tilted in a lateral direction.

Exemplary experiment with a lumbar, 
prosthetic disc nucleus

The aim of any prosthetic intervertebral disc or disc nu-
cleus is to restore the physiological spinal motion pattern.
In the present study, the projection angles and the descrip-
tion of finite helical axes were both used to check whether
the PDN prosthetic disc nucleus was capable of meeting
these demands. While the ROM of the intact status could
almost be restored by implantation of the PDN device
(Fig. 4b) [6, 21], the position and orientation of the FHAs
in some cases could not. This discrepancy between the
motion pattern before and after implantation was most ob-
vious in lateral bending. In this loading direction, the FHAs
of several specimens were spread out in the intact condi-
tion, but parallel to each other after implantation (Fig. 4a).
Thus, the intact specimens were characterised by coupled
flexion–extension movements, whereas the movement af-
ter implantation was similar to that of a hinge joint with
only one degree of freedom. This suppression of the cou-
pled motions could also be shown in an exemplary evalu-
ation of the main and coupled projection angles (Fig. 5).
In contrast to these specimens, where the PDN device was
not capable of restoring the initial motion pattern, others
were characterised by FHAs, which were parallel to each
other, not only after implantation but already in the intact
state (Fig. 4a). In these cases the PDN-device almost com-
pletely restored the initial motion pattern.

In this in vitro experiment the main advantage of the
FHA description was the visualisation of the three-dimen-
sional motion with respect to the individual radiographic
anatomy. Additionally, the position and orientation of the
axes covered four degrees of freedom, whereas the de-
scription of the main Cardanic/Eulerian or projection an-
gle, which is common for in vitro experiments on the spine,
covers only one degree of freedom. On the other hand, the
projection angles allowed a quantitative evaluation of the
motion data, whereas the FHA description presented here
only qualitatively characterised joint function.

Conclusions

The experiments showed that the present, improved de-
scription of finite helical axes is a valid and useful tool for
characterising the three-dimensional kinematics of the in-
tact, injured and stabilised spine. As compared to the more
common description of the main Cardanic/Eulerian angle
or the main projection angle, the key advantage of the
new description is that the three-dimensional movement is
visualised with respect to the individual radiographic
anatomy. However, the Cardanic/Eulerian description or
the description of projection angles both allow a compre-
hensive, quantitative evaluation of motion, whereas the
FHA description only qualitatively depicts joint function.
Therefore, if both, quality and magnitude of motion of
spinal segments are of interest, a combination of the pre-
sented FHA description and the commonly reported main
angles are recommended.

Acknowledgment The authors would especially like to thank Ray-
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Fig. 5 a Main projection angle (lateral bending) (dark curves) and
coupled flexion–extension projection angle (light curves) of a rep-
resentative L4–5 segment before implantation of a PDN prosthetic
disc nucleus b After implantation. The PDN device hardly affected
range of motion in lateral bending but significantly reduced the
coupled flexion–extension movement
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