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Abstract
Pain-provoking disorders of the lumbar spine affect most of adult population and nearly everyone suffers from some of 
them during their lifetime. A common symptom of diseases, injuries or inevitable changes in the area of lumbar spine is 
known as the Low Back Pain (LBP). A chronic form of the LBP, called the Low Back Pain syndrome, is mostly caused 
by degenerative changes of intervertebral discs of the lowest intervertebral joints. The work was focused on in vitro 
analysis of the porcine lumbar spine kinematics. Two last neighbouring intervertebral joints without active tissue, L4/5 
and L5/6, were used. The total number of fifteen cadaveric samples of porcine lumbar spine was involved. A unique 
loading mechanism was designed and constructed for the purposes of this study. Samples were loaded by 
flexion/extension movement within the physiological range of motion of ± 5°, in a quasi-static mode. The recording and 
analysing of the lumbar spine kinematics was realized by the motion capture camera system (Qualisys AB, Göteborg, 
Sweden). The results showed that the so-called instantaneous axis of rotation (IAR), or the corresponding instantaneous 
centre of rotation (ICR), was an adequate objective parameter for the assessment of the lumbar spine kinematics. Its 
position was comparable across all samples and situated very close to the spinal canal. For the purposes of this work, 
an altered artificial disc of a ball-and-socket type (ProSpon, Ltd., Kladno, Czech Republic) was used to study the 
kinematics of two neighbouring joints after the disc replacement in the area of a caudally situated one. The results of 
this comparative analysis showed a significant influence of the artificial disc on the kinematics of both, caudally 
situated joint, where the disc was implanted, and the adjacent one.
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Introduction 

The lumbar spine, as well as the whole spine, is 
a very complicated and complex system that consists of 
active structures, passive structures and nerves [1]. As 
the section that bears and supports the upper-body 
weight, the lumbar spine is very vulnerable to many 
pain-provoking disorders. More than 60% of all adults 
are affected by some of lumbar spine diseases during 
their lifetime with a common symptom called Low 
Back Pain (LBP) [2, 3].

When the duration of the pain is greater than 12 
weeks a chronic form of the LBP, called a LBP 
syndrome, appears [4]. It affects up to 20% of adult 
population [5]. It is mostly caused by degenerative 
changes of intervertebral discs of last two intervertebral 
joints [2, 6] with a prevalence ranging between 30 
and 50% [7]. The LBP syndrome might then result
in an intervertebral disc replacement. Unfortunately 
contemporary artificial discs often fail due to their 

design, construction or technique of the implantation 
[8, 9].

Studying the behaviour of the lumbar spine during
a movement is one of the methods how to assess its 
proper functioning [10]. The kinematical analysis is
a useful tool for this purpose as the condition and 
mechanical properties of all individual spinal structures 
are outright reflected in it [11]. The so-called instan-
taneous axis of rotation (IAR), or the corresponding 
instantaneous centre of rotation (ICR) in plane, is 
shown to be an adequate, objective parameter for the 
analysis and assessment of the spinal kinematics 
among samples [12, 13, 14].

Before the experiment itself, we defined three 
hypotheses to research in this study:

1. The position of the ICR is similar across all 
samples loaded by the same loading cycle.

2. The ICR is situated close to the spinal canal.
3. The artificial intervertebral disc, implanted in the 

L5/6 area, changes the kinematics in L5/6 and also 
in the neighbouring FSU (L4/8).
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Theoretical  background 

There are three most important terms that relate to 
this issue. The first one is a functional spinal unit 
(FSU) that is represented by one intervertebral joint 
without active structures [10, 15].

The FSU consists of two neighbouring vertebrae, 
intervertebral disc between them and adjacent liga-
ments [13]. Sometimes it is also described as a system 
of three joints, two zygapophyseal joints in the back (in 
the dorsal direction) and the third one represented by 
intervertebral disc between vertebral bodies [16].

The second term is the so-called coupled movement. 
It’s a movement of each intervertebral joint that, 
together with contributions from other joints of the 
spine, results in macroscopic movement of the spine as 
a whole [6, 17, 18]. As the most significant movement 
of the lumbar spine [6, 19], flexion/extension consists 
of sagittal rotation and sagittal translation, as shown in 
Fig. 2 [6, 17, 18, 20].

The third term is the instantaneous axis of rotation 
(IAR), or the corresponding ICR in plane. It’s a phe-
nomenon that represents an axis or a point, around 
which the body rotates in the space or in the plane [14].
It’s a place of zero net force during the movement, 
which also means the place without any kind of 

deformation [6, 10]. Its position is a function of each 
contributions of the coupled movement at a given time 
[12, 13]. The description of a coupled movement using 
the IAR (ICR) is shown in Fig. 3.

Materials and methods 

Samples and their preparation 

The study was focused on in vitro measurements of 
the lumbar spine kinematics due to feasibility of the 
experiment, availability of samples and from ethical 
point of view. For the purposes of experimental 
analysis cadaveric porcine lumbar spine samples were
used. It is proven that the porcine lumbar spine is 
a representative model of the human lumbar spine as 
regards the anatomical and biomechanical similarities 
[21, 22]. However, the porcine spine has six lumbar 
vertebrae compared to five vertebrae of the human 
spine. The last two vertebrae of the human spine are 
the most vulnerable structures to many pain-provoking 
disorders, which is why the segment L4–L6 of the 
porcine spine was used to study two neighbouring 
FSUs.

Fig. 4: The preparation of the samples.

The samples were gained from individuals of 3/4–2
years old right after being butchered, which ensured
their freshness. The samples were then transported to 
the laboratory in a fast way to eliminate their possible 
degradation. Finally the L4–L6 segment was extracted

Fig. 1: Two functional spinal units with the description 
of passive structures.

Fig. 2: Flexion/extension as a coupled movement of the 
lumbar spine.

Fig. 3: A schematic representation of the description of 
the coupled movement using the IAR (ICR) (R0 is 
a position vector determining the position of the origin 
of IAR; L represents a translation along the axis and 
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from the porcine spine and deprived of muscle tissue to 
study the kinematics of FSUs.

Polyurethane resin of Axson F16 (AXSON Techno-
logies, Saint Ouen l'Aumône, France) was used to 
prepare castings of a cranial and caudal end of 
a sample, as shown in Fig. 4. These castings provided 
mounting of samples to a loading mechanism. The total 
number of fifteen cadaveric samples of porcine spine 
was involved in this work.

The loading mechanism 

The loading of the samples was realized through the 
unique loading mechanism that was designed for this 
purpose. The device enables to load the samples by all 
lumbar movements in their physiological, even non-
physiological ranges of motion. It also allows ana-
lysing combinations of movements. Due to its unique 
construction, the system provides static, quasi-static 
and also dynamic experimental measurements of the 
lumbar spine.

The construction and control of the device also 
ensures the loading of samples by pure bending about 
a fixed point. Such loading corresponds to movements 
of the whole spine on a macroscopic level. The fixed 
point was situated at the very caudal end of a sample 
and the radius of curvature was equal to the length of 
a sample.

The recording apparatus 

The commercial motion capture camera system was
used for recording and analysing the lumbar spine 
kinematics. Four cameras were chosen as a sufficient 
number to capture the whole space of samples loading 
precisely. The accuracy of measurements is also 
influenced by the size, visibility and number of 
markers [23]. Special right-angle beams were made for 
fixing eight markers on each vertebra. This number 
seemed to be sufficient for high measurement 

accuracy, as the average residual value for each camera 
was always less than 0.5 mm when calibrated. This was 
a quality check of the marker’s measured position.

The loading cycle 

The experimental analysis was focused on the 
kinematical analysis of flexion/extension movement. 
For the purposes of this study, the quasi-static loading 
cycle applied to the cranial end of L4 was used. The 
loading was realized in the physiological range of 
motion of ± 5°.

The assessment of the kinematics was based on the 
comparison of the ICR positions between the samples 
without an artificial disc and samples with the artificial 
disc implanted in the area of L5/6. For the purposes of 
this study, the artificial disc was used. The disc is an
altered ball-and-socket type device, as shown in Fig. 7. 
The implant was adjusted to the size of the porcine 
lumbar spine proportionally.

Results 

The kinematical analysis of two neighbouring FSUs, 
L4/5 and L5/6, without the artificial disc 

At first the position of the ICR in two FSUs, L4/5 and 
L5/6, was analysed. The Tab. 1 shows the mean 
positions of ICR for both joints during a complete 
loading cycle and also their mean position in maximal
flexion and extension. The results are presented in the 
local coordinate system of caudally situated vertebra to 
study relative movements between two neighbouring 
vertebrae. Transversal motions were neglected, because 
their contributions to the coupled movement of 
flexion/extension were insignificant [5]. The data were 

Fig. 5: The unique loading mechanism.

Fig. 6: The recording device on the left. The markers 
mounted to the sample on the right.

Fig. 7: The artificial disc of a ball-and-socket type on 
the left; the implantation of the disc in the area of L5/6. 
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processed in sagittal plane; X-values represent 
positions of the ICR along horizontal axis, Y-values 
represent positions of the ICR along vertical axis. The 
results are presented together with standard deviations 
(std) in brackets.

Tab. 1: The mean values of positions of the ICR.

 

The mean 
position of 

the ICR 
(mm) 

The mean 
position of the 

ICR in flex. 
(mm) 

The mean 
position of the 

ICR in ext.  
(mm) 

 X Y X Y X Y 

L5/6 
29.3 
(5.7) 

38.9 
(4.8) 

26.4 
(6.6) 

40.5 
(7.6) 

32.9 
(6.3) 

37.3 
(6.3) 

L4/5 30.0 
(7.0) 

44.5 
(2.9) 

27.7 
(4.7) 

44.0 
(4.1) 

35.3 
(12.3) 

44.7 
(4.1) 

 

The results of this part of the experiment proved our 
hypotheses. The position of the ICR is comparable 
across all samples and this position is situated very 
close to the spinal canal based on knowledge of 
anatomical dimensions of the porcine lumbar spine, as 
shown in Fig. 8.

Fig. 8: The illustrative diagram of results based on
anatomical dimensions of the porcine lumbar spine 
with standard deviations (std) in brackets; the diagram 
represents samples of three neighbouring vertebrae, 
each of them consisting of a vertebral body (VB) and 
a spinous process (SP). Two adjacent vertebrae are 
connected by an intervertebral disc (IVD) and by 
ligaments that are not depicted to make the diagram 
clear. Ellipses represent error bars of standard devia-
tions, where the red represent the results for complete 
loading cycle, the blue represent the data for extension 
and the green for flexion, with mean presented as the 
black cross in the middle.

The comparative kinematical analysis of two neigh-
bouring FSUs, L4/5 and L5/6, with the artificial disc 
implanted in the L5/6 area

This part of experiment was focused on kinematical 
comparison of the behaviour of two FSUs, L4/5 and 
L5/6, after the implantation of an artificial disc in the 
L5/6 area. The Tab. 2 shows the mean positions of the
ICR for both joints during a complete loading cycle
and also their mean position in maximal flexion and 
extension.

Tab. 2: The mean values of positions of the ICR after
implantation of the artificial disc into L5/6 area.

 

The mean 
position of 

the ICR 
(mm) 

The mean 
position of the 

ICR in flex. 
(mm) 

The mean 
position of the 

ICR in ext.  
(mm) 

 X Y X Y X Y 

L5/6 
34.7 
(6.2) 

38.8 
(6.0) 

30.7 
(5.8) 

45.1 
(8.7) 

41.6 
(10.4) 

38.2 
(10.2) 

L4/5 27.7 
(4.2) 

42.5 
(2.4) 

23.5 
(4.0) 

42.5 
(3.1) 

28.7 
(4.5) 

41.9 
(3.1) 

 

The results of this part showed that the kinematics 
was changed not only in the area of L5/6, where the 
artificial disc was implanted, but also in the area of 
neighbouring FSU, L4/5, as shown in Fig. 9.

 
Fig. 9: The illustrative diagram of results based on 
anatomical dimensions of the porcine lumbar spine; 
the diagram represents samples of three neighbouring 
vertebrae, each of them consisting of a vertebral body 
(VB) and a spinous process (SP). Two adjacent 
vertebrae are connected by an intervertebral disc 
(IVD) and by ligaments that are not depicted to make 
the diagram clear. Ellipses represent error bars of 
standard deviations, where the red represent the 
results for complete loading cycle, the blue represent 
the data for extension and the green for flexion, with 
mean presented as the black cross in the middle.
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Tab. 3 and Tab. 4 contain the results of statistical 
analysis that prove or disprove the influence of 
artificial disc on the kinematics of FSUs. Two sample 
T-test was used for statistical analysis.

Tab. 3: The results of the statistical analysis for the 
FSU of L5/6, where the artificial disc was implanted.

 

The 
statistical 
results for 
the mean 

position of 
the ICR 

The 
statistical 
results for 
the mean 

position of 
the ICR in 

flex. 

The 
statistical 
results for 
the mean 

position of 
the ICR in 

ext. 
 X Y X Y X Y 

T_stat -2.37 0.06 -1.84 -1.51 -2.68 -0.3 
P(T<=t) 0.02 0.95 0.08 0.14 0.01 0.77 
t_krit 2.05 2.05 2.05 2.05 2.07 2.07 

 

Tab. 4: The results of the statistical analysis for the 
FSU of L4/5 neighbouring the implanted artificial disc.

 

The 
statistical 
results for 
the mean 

position of 
the ICR 

The 
statistical 
results for 
the mean 

position of 
the ICR in 

flex. 

The 
statistical 
results for 
the mean 

position of 
the ICR in 

ext. 
 X Y X Y X Y 

T_stat 1.06 1.95 2.57 1.05 1.88 2.08 
P(T<=t) 0.30 0.06 0.02 0.30 0.08 0.05 
t_krit 2.07 2.05 2.05 2.06 2.10 2.06 

 

The results of the statistical analysis proved that the 
artificial disc influenced the kinematics not only in the 
area of L5/6, where the disc was implanted, but also in
the area of the neighbouring FSU, L4/5. From the
statistical point of view, this influence was significant 
especially for the horizontal change in the position of
the ICR during the flexion/extension movement in 
sagittal plane. As regards the vertical change, this 
influence was obvious especially in case of the FSU 
neighbouring the area of implantation.

Discussion 

The first part of the experiment was focused on 
kinematical analysis of two neighbouring FSUs, L4/5
and L5/6. The aim was to assess the mean position of
the ICR during the whole loading cycle of flexion/
extension movement and its position in maximal 
flexion and extension. Considering anatomical dimen-
sions of porcine lumbar spine, the results confirmed 

our hypothesis that the ICR was situated close to the 
spinal canal. The reason for this arises from properties
of the ICR as it represents an area of zero-net-force 
point of application and thus minimal deformation
[6, 10]. This is very useful, because the spinal canal 
contains important structures, the spinal cord and 
nerves, which are very prone to any kind of defor-
mation. Although this hypothesis corresponds to some 
other studies [10, 12, 13], there are some that don’t 
agree and position the ICR to a different places in 
FSUs [6]. It’s therefore possible to assume that the 
position of the ICR, as the whole kinematics of FSUs, 
can depend on a lot of factors associated with the setup 
of the measurement.

The results also showed and confirmed our 
assumption that the ICR seemed to be an adequate and 
objective parameter for the kinematics assessment. 
Small deviations could be caused especially by unique-
ness of each spine, differences in condition of each
sample, age, or imperfect rigidity of the loading 
mechanism. Despite all these slight deviations how-
ever, the results proved that the position of the ICR was 
comparable across all samples.

The last part dealt with the comparative kinematical 
analysis after the implantation of the artificial disc in 
the area of L5/6. The results confirmed our hypothesis
that the contemporary artificial disc, developed by 
ProSpon, spol. s r.o., changed kinematics not only in 
the area of L5/6, but also in the neighbouring FSU, L4/5.
This fact could be one of reasons, why these artificial 
discs, of a ball-and-socket type, mostly fail, as they 
change the position and conditions of loading in each 
structure of a FSU. The kinematics might have been 
changed due to different rigidity before and after 
implantation of the artificial disc, due to imbalance of 
forces after the implantation or due to the artificial disc 
itself.

The statistical analysis showed that the change of 
kinematics was significant especially for the horizontal 
change in the position of the ICR in L5/6 during the 
flexion/extension movement in sagittal plane. As 
regards the neighbouring FSU (L4/5), the change of 
kinematics was also significant along the vertical axis 
in sagittal plane. The reason for that could be the 
design of the artificial disc, its material, or the 
technique of implantation. Unfortunately these possible 
influences were not studied in this work and should be 
a part of an ongoing, more-detailed research.

Conclusion 

The work dealt with the kinematical analysis of the
cadaveric porcine lumbar spine samples loaded by
flexion/extension movement. For this purpose, the 
unique loading mechanism and its control were 
designed and constructed to imitate the real loading of 
a spine. This device can also provide other kinematical 
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analyses, studying different movements or their combi-
nations.

The results of kinematical analysis of two neigh-
bouring FSUs, L4/5 and L5/6, and also the comparative 
analysis after the implantation of the artificial disc into 
the area of L5/6 confirmed our hypotheses. The ICR 
seems to be an adequate, objective parameter for 
assessing the kinematical analysis; its position is 
similar across all samples and located very close to the 
spinal canal. The contemporary artificial disc, 
developed by ProSpon, Ltd., doesn’t satisfy the needs, 
as it changes the kinematics not only in the area of 
implantation, but also in the neighbouring FSU. This
might be one of the reasons of their early failure.

Following research should be focused not only on 
more-detailed description of the kinematics, but also on 
materials, design and a technique of implantation of 
artificial discs.
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