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Abstract Pre-clinical in vitro tests are needed to evaluate
the biomechanical performance of new spinal implants. For
such experiments large animal models are frequently used.
Whether these models allow any conclusions concerning
the implant’s performance in humans is difficult to answer.
The aim of the present study was to investigate whether
calf, pig or sheep spine specimens may be used to replace
human specimens in in vitro flexibility and cyclic loading
tests with two different implant types. First, a dynamic and
a rigid fixator were tested using six human, six calf, six pig
and six sheep thoracolumbar spine specimens. Standard
flexibility tests were carried out in a spine tester in flexion/
extension, lateral bending and axial rotation in the intact
state, after nucleotomy and after implantation. Then, the
Coflex interspinous implant was tested for flexibility and
intradiscal pressure using another six human and six calf
lumbar spine segments. Loading was carried out as
described above in the intact condition, after creation of a
defect and after implantation. The fixators were most easily
implantable into the calf. Qualitatively, they had similar
effects on ROM in all species, however, the degree of
stability achieved differed. Especially in axial rotation, the
ROM of sheep, pig and calf was partially less than half the
human ROM. Similarly, implantation of the Coflex in-
terspinous implant caused the ROM to either increase in
both species or to decrease in both of them, however,
quantitatively, differences were observed. This was also
the case for the intradiscal pressure. In conclusion, animal
species, especially the calf, may be used to get a first idea
of how a new pedicle screw system or an interspinous
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implant behaves in in vitro flexibility tests. However, the
effects on ROM and intradiscal pressure have to be
expected to differ in magnitude between animal and
human. Therefore, the last step in pre-clinical implant
testing should always be an experiment with human
specimens.

Keywords Spine - Implant - Species - Model -
Biomechanics

Introduction

New spinal implants generally need to be tested in vitro
before they go into clinical use. For such tests, spine
specimens from human donors are preferably used. How-
ever, the availability of human specimens is limited, there
is a potential risk of infection and most of them show
various signs of degeneration. Therefore, animal models
are regularly used instead, most commonly calf, pig and
sheep. Whether these models allow any conclusions con-
cerning the implant’s performance in humans is difficult to
answer. Comparative studies showed that the motion
characteristics of the intact spines of calf and sheep are
surprisingly similar to those of the human [20, 22]. Also,
qualitatively, the anatomy of the lumbar spine of these
species is similar, yet the sizes partially differ considerably
[5, 21]. Even based on such comparative data, it is difficult
to predict whether a certain species is suitable to test a
certain implant because a complex combination of various
morphological and functional parameters needs to be
considered. Furthermore, it cannot be predicted whether an
implant, which does not perfectly fit the anatomy of the
chosen animal model, yields misleading results. Some of
these questions could probably be answered if additional
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comparative implant tests were available. These, however,
are rare and, to date, only cover single species and single
types of implants [15, 16].

The aim of the present study therefore was to carry out
comparative implant tests in order to investigate whether
calf, pig or sheep spine specimens may be used to replace
human specimens in in vitro flexibility and cyclic loading
tests with two different implant types: internal fixators and
interspinous spacers.

Materials and methods

This study is composed of two independent experiments on
very different implants since it is suspected that the suit-
ability of animal species differs between different implant
types. For the same reason, the parameters evaluated in the
two experiments also differed to cover a larger range of
what can possibly be evaluated in biomechanical in vitro
experiments.

In the first part of this study a dynamic and a rigid
internal fixator were tested. For both fixators the same
polyaxial pedicle screws were used (tangoRS, Ulrich
medical, Ulm, Germany) (Fig. 1). They were available in
lengths of 30, 35, 40 and 45 mm and a diameter of 5.5 mm.
In case of the dynamic fixator these screws were longitu-
dinally connected using flexible rods made of a hollow,
metallic spiral while in case of the rigid fixator solid rods
were used. Both had a diameter of 6 mm.
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Fig. 1 The dynamic fixator tested in this study consisted of tangoRS
polyaxial pedicle screws and flexible spiral-shaped rods. The same
screws but solid rods (not shown) were used in case of the rigid
fixator

They were implanted into the segment L1-2 of six
human (all under 60 years of age), six calf (9—12 months
old), six pig (6-9 months old) and six sheep (2-6 years
old) thoracolumbar spine specimens. The specimens cov-
ered the last thoracic vertebra to L3 in the three animal
groups and the last thoracic vertebra to L5 in the human
group. Note that calf, sheep and pig have various numbers
of thoracic vertebrae, mostly 13—16. All specimens were
freshly dissected and frozen at —20°C for storage. Before
testing the specimens were thawed and all soft tissue was
removed taking care to preserve the intervertebral disc,
ligaments and joints capsules. The upper part of the most
cranial vertebra and the lower part of the most caudal
vertebra were embedded in polymethylmetacrylate in order
to allow fixation in the testing devices.

The specimens were tested for flexibility in a spine
tester [19] using pure moments of £7.5 N m in flexion/
extension, lateral bending and axial rotation in the intact
state, after nucleotomy at L1-2 and after bridging this level
with the dynamic and the rigid fixator in alternating
sequence. For the calf the 45 mm screws were used, for the
pig the 35 mm screws and for the sheep the 30 mm screws.
Nucleotomy was carried out from a right posterolateral
approach after partial resection of the facet joint and fen-
estration of the flaval ligament. As recommended, the
specimens were allowed to move unconstrained in the five
uncontrolled degrees of freedom during loading [23]. The
three-dimensional flexibility of the bridged segment was
continuously recorded using an ultrasound based motion
analysis system (WinChain, Zebris, Isny, Germany, reso-
Iution 0.1 mm). From the load-deformation curves, range
of motion (ROM) was determined as the rotation at
+7.5 N m and -7.5 N m load.

In the second part of this study the Coflex interspinous
implant (Paradigm Spine, Wurmlingen, Germany) was
tested. This implant has the shape of a “U” and is placed
between two adjacent spinous processes (Fig. 2). After
implantation, the lateral wings are crimped towards the
spinous processes to improve fixation. The Coflex implant
was available in five different heights between 8 and
16 mm.

Six human (age 29-67 years) and six calf (age
9-12 months) lumbar spine segments (three L2-3 and three
L4-5) were harvested, stored and prepared as described
above. Pig and sheep could not be tested in this part of the
study since the Coflex interspinous spacer did not fit the
interspinous space and spinous process thickness of these
two species. Before testing, a pressure transducer (FMS-
PEZ50, MIPM GmbH, Mammendorf, Germany) was
implanted into the nucleus pulposus to record the intradi-
scal pressure (IDP) during loading. Loading was carried
out in the spine tester as described above under pure
moments of +7.5 N m in the intact condition, after creation
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Fig. 2 The Coflex interspinous implant (for illustration purposes
inserted into a plastic model) has the shape of a “U” and is inserted
into the gap between adjacent spinous processes

of a standardised defect and after implantation. The defect
consisted of a bilateral hemifacetectomy with resection of
the flaval ligaments. For implantation, additionally, the
supra- and interspinous ligaments had to be resected. From
the load—deformation curves range of motion (ROM) and
the kyphotic tilt caused by creation of the defect and by
implantation were determined.

Wilcoxon rank sum tests were used to statistically
compare the animals species with the human. Wilcoxon
signed rank tests were applied to check for differences
within each group. The P values were not corrected for
multiple comparisons since this study was explorative.

Results

The fixators were easily implantable into the calf.
Implantation into the pig was more difficult due to the
prominent facet joints. For the sheep even the smallest
screws (30 mm length, 5.5 mm diameter) tended to be too
long and too large in diameter, yet, implantation was still
possible.

The intact segments L1-2 of the sheep and pig had a
much larger ROM than the human in all three loading
planes (P < 0.05) (Table 1). This was also the case for the
calf but only in lateral bending. These different “starting
positions” made comparisons between the four species
difficult. To overcome this problem, the ROM after nu-
cleotomy and after implantation was normalised to the
intact ROM within each species group.

Nucleotomy caused the normalised ROM to increase in
all species. However, in all loading directions this increase

@ Springer

Table 1 Range of motion of intact segments L1-2 in degrees
under pure moment loading of +7.5 N m

ROM of intact segments L1-2 in degrees

Human Calf Pig Sheep
Flexion + extension
Median 59 4.6 11.1% 11.0%
Min 34 3.6 8.3 8.3
Max 8.7 5.8 133 114
Right + left lateral bending
Median 6.9 10.5* 13.0 * 15.6*
Min 2.8 8.2 10.2 14.4
Max 9.6 11.8 15.3 17.9
Left + right axial rotation
Median 1.3 2.1 3.6% 3.4%
Min 0.5 12 23 2.7
Max 2.6 2.5 4.6 39

Median, minimum and maximum of six specimens per species. In this
experiment the segments L1-2 were part of polysegmental speci-
mens, therefore their ROM is expected to be smaller than if
monosegmental specimens L.1-2 would have been tested [7]

*P < 0.05 compared to the human

was much larger for the human than for the calf, pig and
sheep (P < 0.05) except for the calf in flexion and exten-
sion (P > 0.05) (Figs. 3, 4 and 5). Thus, similar to the
intact ROM, the calf was the animal, which was closest to
the human. Yet, it was still far from identical.

The two fixators had similar effects on the normalised
ROM in all species: their stabilising effect was smallest in
axial rotation and the dynamic fixator resulted in a larger
ROM than the rigid one. However, quantitatively, the
degree of stability achieved with the two fixators tended to
differ between the three animal species and the human.
This was most obvious for the dynamic fixator and in axial
rotation (Fig. 5). In this loading direction, the normalised
ROM of the animal species was partially less than half the
ROM of the human. In contrast, using the rigid fixator the
differences were much smaller (P > 0.05). Neither for
the dynamic nor for the rigid fixator, one of the three
animal species was found to be generally closer to the
human than the others.

The Coflex interspinous implant was easily implantable
into the calf lumbar spine segments. However, even the
largest implant (16 mm) tended to be too small concerning
height and width.

Again, the ROM of the intact segments differed between
calf and human (Fig. 6). However, within both species
groups implantation had similar effects. Both, the human
and the calf segments become kyphotic by in median 1.3°
(Fig. 6). Also, in both species groups, the ROM tended to
increase in flexion, axial rotation and lateral bending but
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Fig. 3 ROM of the segment

extension

flexion

L1-2 in flexion and extension
after creation of the defect defect
(nucleotomy), after implantation
of the dynamic fixator and after dynamic
implantation of the rigid fixator. Txaior
Normalised to the ROM of the rigid
intact specimens (=100%). fixator
Median with range. *P < 0.05 250% 200% 150% 100% 50% 0% 0% 50% 100% 150% 200% 250%
compared to the human ROM ) )
normalised ROM at -7.5 Nm normalised ROM at +7.5 Nm
Fig. 4 ROM of the segment left lateral bending right lateral bending
L1-2 in lateral bending after — - E—
creation of the defect defect
(nucleotomy), after implantation
of the dynamic fixator and after dynamic
implantation of the rigid fixator. & calf fuator
Normalised to the ROM of the I pig rigid
intact specimens (=100%). I sheep fixator
Median with range. *P < 0.05 250% 20(Iw 156? 100% sol% 0% n'l’,a 50% 100% 15;)%* 200% 250%
compared to the human ROM ¢ ° “ ° o ° ¢
normalised ROM at -7.5 Nm normalised ROM at +7.5 Nm
Fig. 5 ROM of the segment right axial rotation left axial rotation
L1-2 in axial rotation after - —
creation of the defect defect — ] o
(nucleotomy), after implantation
f’f the dyI.lamic ﬁxat(.)r.and after B human df)":::t::c .
implantation of the rigid fixator. [ calf *
Normalised to the ROM of the I pig rigid =
intact specimens (=100%). [ sheep fixator

Median with range. *P < 0.05
compared to the human ROM

decreased in extension. However, the statistical evaluation
within each group yielded different results.

The pressure measured in the calf intervertebral disc
nucleus showed smaller interindividual differences than the
pressure measured in the human specimens (for technical
reasons IDP could be measured in only four human spec-
imens) (Fig. 7). Qualitatively, the pressure curves were
similar for calf and human. In both species implantation of
the Coflex interspinous implant had almost no effect in
flexion, lateral bending and axial rotation but suppressed
the increase in IDP in extension (Fig. 7). Quantitatively,
however, differences were found. In some cases the calf
had higher pressure values in some the human.

Discussion

In the first part of this biomechanical in vitro study spec-
imens from calf, pig and sheep and specimens from human
donors were used to test a rigid and a dynamic pedicle
screw system. In the second part, calf and human speci-
mens were used to test an interspinous spacer. The aim was
to more objectify the suitability of these animal species for
pre-clinical flexibility tests with spinal implants. Whether

500% 400% 300% 200% 100% 0%
normalised ROM at -7.5 Nm

0% 100% 200% 300% 400% 500%
normalised ROM at +7.5 Nm

these and other animal species may also be suitable to test
other types of implants such as disc or nucleus prostheses
in other types of experiments such as cyclic loading or
fatigue tests should be the subject of future investigations.

The first implant type—the fixator—was implantable in
the segment L1-2 in all three animal species, however,
most easily into the calf. Using the pig, the prominent facet
joints did not allow an ideal placement of the screws and
rods while using the sheep the small pedicle diameter and
vertebral body size was problematic. For the sheep even
the smallest screws tended to be too large concerning both,
length and diameter. From an anatomical point of view, the
calf therefore proved to be a better model to test pedicle
screw systems than the pig and the sheep. This observation
probably also applies for the segments L2-3, L3—4 and
L4-5 since these levels have the same main anatomical
characteristics. Also, the three-dimensional flexibility is
known to be very similar for all these levels [20, 22].
Therefore, if any of the segments 1L.2-3, L3-4 or L4-5
would have been tested instead of L1-2, very similar dif-
ferences and similarities between either of the three
animals and the human would have been expected.

The calf also tended to be superior to pig and sheep
concerning its flexibility in the intact and nucleotomised
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Fig. 6 ROM in flexion/extension in the intact condition, after
creation of the defect (bilateral hemifacetectomy with resection of
the flaval ligaments), and after implantation of the Coflex interspinous
implant. The border between the light and dark parts of each bar
represent the median kyphotic tilt of the segments caused by creation
of the defect and by implantation. Median with range. *P < 0.05

condition. Yet, even using the calf the intact ROM stayed
overestimated except for flexion+extension while the
effect of the nucleotomy stayed underestimated. In con-
trast, after implantation, in some cases the pig and in some
the sheep was closer to the human. Thus, the above-
mentioned problems with pedicle screw placement in the

Fig. 7 Individual intradiscal

pig and the sheep did not seem to cause the biomechanical
results to become less human-like than those obtained with
the calf.

From a quantitative perspective, the three animal species
and the human in some cases considerably differed. Similar
results were reported by Riley et al. [15] who investigated
the effect of various defects and implantation of an internal
fixator with and without interbody graft on the flexibility of
calf compared to human lumbar spine specimens. The
authors found that, using the calf, in some cases the sta-
bilising effect of the instrumentation was overestimated
and in some underestimated.

The differences between the three animal species and
the human were smaller for the rigid than for the dynamic
fixator. This observation can be explained by the degree of
flexibility allowed by the implant. The less flexibility it
allows, the more load is transferred through the implant
and the less the anatomical and functional characteristics of
the segment play a role. Hence, in general, animal species
may be more suitable to test the primary stabilising effect
of rigid implants such as implants for spinal fusion than to
test motion preserving implants such as dynamic fixators.
However, differences concerning the magnitude of the
implant’s effects on ROM still have to be expected.

The second implant type—the Coflex implant as a rep-
resentative of interspinous implants—was also easily
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implantable into the calf lumbar spine segments L2-3 and
L4-5. Yet, due to the larger gap between the calf spinous
processes and their larger width even the largest implants
tended to be too small. Nevertheless, the Coflex implant
had still an acceptable fit.

Implantation of the Coflex implant caused the ROM to
either increase in both species groups, or decrease in both
of them. Effects in opposite directions, e.g., an increase in
the calf but a decrease in humans, were not observed. Yet,
quantitatively the ROM differed between calf and human.
Also the statistical evaluation within each species group
yielded different results. Thus, similar to the pedicle screw
systems, general tendencies concerning the primary sta-
bilising effect of an interspinous implant can be transferred
from calf to human but neither the magnitude of this effect
nor the statistical results.

The intradiscal pressure measurements carried out in the
present study yielded smaller interindividual differences
for the calf than for the human specimens. This was not
surprising since the calf specimens all had healthy, not
degenerated discs, which was not the case for the human
specimens [2, 10]. Small interindividual differences are
advantageous since implant-related trends such as the
suppression of the pressure increase in extension with the
Coflex implant can more clearly be depicted. Animal
species with not degenerated discs therefore have the
potential to even better depict the implant’s general effects
on intradiscal pressure than the human.

Calf, pig and sheep are regularly used models to test
spinal implants. However, the type of experiment prefera-
bly carried out varies from species to species. The calf is
the species mainly used in vitro. Tests with pedicle screw
systems are counted among these experiments [3, 4, 6, 9,
11, 17, 18]. According to the results of the present study,
these experiments reveal the right trends but should not be
interpreted quantitatively. So far, interspinous implants
have not yet been tested using the calf or any other animal
model. Yet, the present study indicates that the calf may
well be used to reveal the general performance of this
implant type. Similar to the calf, the pig is also often used
in vitro. Both calf and pig are models used to measure IDP
[1, 8, 12-14, 18]. These measurements reveal the implant’s
general effects on intradiscal pressure expected in healthy
human intervertebral discs but may differ from the human
in magnitude. In contrast to the calf, the pig has addition-
ally been used in numerous in vivo studies, which is also
the case for the sheep. These in vivo studies often include
biomechanical experiments after sacrifice of the animals
using methods like those reported in the present study.
From an anatomical point of view, however, implants
developed for human use cannot always be used for the
sheep or pig without modifications. Pedicle screws for
example need to be shortened to fit the sheep vertebral

dimensions and interspinous implants would need to be
smaller in width for the pig. Only if the dimensions of the
implant can be adapted to the anatomical dimensions of the
respective animal model, successful implantation will be
possible. The biomechanical performance of such an
implant after a certain healing period, however, is difficult
to predict from the data reported in this study since it also
depends on the healing potential of the respective species.

In conclusion, the calf may be used to get a first idea of
how a new lumbar pedicle screw system or interspinous
implant tends to behave in flexibility tests concerning the
parameters primary stability and intradiscal pressure. For
pedicle screw systems the pig may be an alternative to the
calf while the sheep seems to be too small for human
implant sizes. However, neither from a quantitative nor
from a statistical point of view the results are identical to
those obtained with human specimens. Therefore, final pre-
clinical experiments with pedicle screw systems focussing
on primary or long-term flexibility or with insterspinous
spacers focussing on primary stability or intradiscal pres-
sure should only be carried out using human specimens.
Overall, this study helps to plan in vitro experiments with
transpedicular screw systems or interspinous spacers and to
interpret all those in vitro animal studies already published
on this topic.
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