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ORIGINAL ARTICLE

Biomechanical characterization of the
three-dimensional kinematic behaviour
of the Dynesys dynamic stabilization
system: an in vitro study

Abstract The Dynesys, a flexible
posterior stabilization system that
provides an alternative to fusion, is
designed to preserve intersegmental
kinematics and alleviate loading at
the facet joints. Recent biomechani-
cal evidence suggests that the overall
range of motion (ROM) with the
Dynesys is less than the intact spine.
The purpose of this investigation
was to conduct a comprehensive
characterization of the three-dimen-
sional kinematic behaviour of the
Dynesys and determine if the length
of the Dynesys polymer spacer con-
tributes to differences in the kine-
matic behaviour at the implanted
level. Ten cadaveric lumbar spine
segments (L2-L5) were tested by
applying a pure moment of

+7.5 Nm in flexion—extension, lat-
eral bending, and axial rotation,
with and without a follower preload
of 600 N. Test conditions included:
(a) intact; (b) injury; (c¢) injury sta-
bilized with Dynesys at L3-L4
(standard spacer); (d) long spacer
(+2 mm); and (e) short spacer

(=2 mm). Intervertebral rotations
were measured using an optoelec-
tronic camera system. The interseg-
mental range of motion (ROM),
neutral zone (NZ), and three-
dimensional helical axis of motion
(HAM) were calculated. Statistical

significance of changes in ROM,
NZ, and HAM was determined
using repeated measures analysis of
variance (ANOVA) and Student—
Newman—Keuls post-hoc analysis
with P <0.05. Implantation of the
standard length Dynesys sig-
nificantly reduced ROM compared
to the intact and injured specimens,
with the least significant changes
seen in axial rotation. Injury typi-
cally increased the NZ, but im-
plantation of the Dynesys restored
the NZ to a magnitude less that that
of the intact spine. The Dynesys
produced a significant posterior shift
in the HAM in flexion—extension
and axial rotation. The spacer length
had a significant effect on ROM with
the long spacer resulting in the lar-
gest ROM in all loading directions
without a follower preload. The
largest differences were in axial ro-
tation. A 4 mm increase in spacer
length led to an average interseg-
mental motion increase of 30% in
axial rotation, 23% in extension,
14% in flexion, and 11% in lateral
bending. There were no significant
changes in NZ with different spacer
lengths. Typically, the short spacer
caused a greater shift and a greater
change in orientation of the HAM
than the long spacer. The long
spacer resulted in a ROM and a
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motion pattern, as represented by
the HAM, that was closer to that
seen in an intact specimen. The re-
sults of this study suggest that the

Introduction

At some point in life, 70-85% of people will experience
low back pain [1, 11]. While not all individuals will re-
quire a surgical treatment, the number of surgeries
performed for chronic low back pain is constantly
increasing [1]. Spinal fusion, which aims to eliminate
motion at the joint, is considered by some to be the
standard surgical intervention for chronic low back pain
treatment and it has been shown to be more effective
than conservative care [4]. It has been suggested that
fusion may actually accelerate degeneration at adjacent
levels [2, 9, 19], so alternative treatments may be
advantageous.

Dynamic posterior stabilization is an alternative to
fusion for the treatment of degenerative problems in the
lumbar spine. The Dynesys dynamic neutralization sys-
tem (Zimmer GmbH, Winterthur, Switzerland) is one
such system that is designed to preserve the interseg-
mental kinematics and reduce loading at the facet joints.
The Dynesys is a bilateral device that consists of tita-
nium alloy pedicle screws and polycarbonate urethane
(PCU) spacers that surround tensioned polyethylene
terephthalate (PET) cords (Fig. 1). The spacers with-
stand compressive loads, while the tensioned cords sta-
bilize the system and act against tensile loads as well as
flexion moments. Presumably, the length of the spacer is
an important parameter that directly influences both

Fig. 1 Dynesys polycarbonate urethane (PCU) spacer surrounding
tensioned polyethylene terephthalate (PET) cord between titanium
alloy pedicle screws

length of the Dynesys spacer altered Keywords Biomechanics - Lumbar
the segmental position and therefore
affected kinematic behaviour.

spine + Non-fusion - Stabilization -
Surgical treatment

intersegmental motion and loading, since it determines
the segmental position (disc height, facet joint position,
and tension of the ligaments).

A biomechanical evaluation of the Dynesys system by
Freudiger et al. [3] in 1999 found that in flexion—exten-
sion, the Dynesys significantly restricted rotation, but
increased the axial translation. In 2002, the first multi-
centre clinical study showed that the Dynesys was a safe
and effective procedure for the stabilization of the
lumbar spine in 83 patients, with the greatest compli-
cation being the loosening of the pedicle screw [21]. A
recent biomechanical study by Schmoelz et al. [20] found
that the Dynesys was more flexible than pedicle fixation
in all three primary loading directions, but in general
was a lot stiffer than the intact spine. After injury, in
lateral bending and flexion, the Dynesys restored the
neutral zone (NZ), which represents the low stiffness
behaviour of the spine, to a magnitude below that seen
in an intact specimen. The effects of variation in spacer
length were not investigated in any of these studies.

These biomechanical studies analysed the kinematic
behaviour using intersegmental translations and/or
rotations about a primary axis. Neither study included
helical axis of motion (HAM) as a measure of kine-
matics [3, 20]. The HAM is the unique axis about which
a body rotates and parallel to which it translates [14]. In
addition to the range of motion (ROM), the HAM de-
scribes the motion pattern of the spine, which is
important for the analysis of non-fusion spinal implants.

Due to the increasing clinical use and lack of
important biomechanical data with respect to the
Dynesys system, we embarked on this study. The pur-
pose of this investigation was to conduct a three-
dimensional kinematic evaluation of the Dynesys system
and to determine if the length of the Dynesys spacer
contributes to differences in the kinematic behaviour at
the implanted level.

Materials and methods

Ten fresh frozen cadaveric lumbar spine segments from
L2-L5 were tested. The age of the specimens ranged
from 70 to 88 years with an average age of 77.2 years
and consisted of six males, three females, and one
unknown gender. The spines were prepared by dis-
secting the musculature, while preserving the soft tis-
sue. The L2 and L5 vertebrae were potted in dental
stone mounts such that the L3-L4 disc space remained
horizontal.



915

Three-dimensional flexibility tests were conducted on
each of the specimens under five different conditions:

(1) Intact

(2) Injury

(3) Dynesys implant at L3-1L4 (standard length spacer)
(4) Dynesys implant at L3-L4 (long spacer)

(5) Dynesys implant at L3—-L4 (short spacer)

The testing order of conditions (3)—(5) was randomized
to eliminate the variability due to the test sequence.

A custom designed and fabricated spine testing ma-
chine was used to apply a maximum pure moment of
+7.5 Nm to the top vertebra, while the specimen was
allowed to move in an unconstrained three-dimensional
fashion (Fig. 2) [7]. This continuous moment was ap-
plied at a rate of approximately 1.3°/s in all the three
primary directions of loading, namely flexion—extension,
lateral bending, and axial rotation. The load was applied
for three completely reversed loading cycles.

All the tests were conducted with and without the
presence of a compressive follower preload of 600 N.
The purpose of a follower preload was to simulate
physiologic compressive loading in an in vitro spine
study [16]. The path of the follower preload followed the
contour of the specimen such that each segment was
subjected to a nearly pure compressive load. The path
was optimized in the neutral position so that the appli-
cation of the compressive preload did not create a sig-
nificant rotation in the sagittal plane. The follower
preload was applied prior to and held through the
duration of the flexibility test. The purpose of including

Fig. 2 Test set-up. Looking at the posterior aspect of the specimen
with the implanted Dynesys (see reference [7] for details)

a testing without a follower preload was to allow a
comparison with studies in which no follower preload
was used and with historical data.

Before Dynesys insertion, an injury at L3-L4 was
created to simulate instability in the specimen. The in-
jury involved sectioning of the facet joint capsules, sec-
tioning of the posterior ligaments (supraspinous and
interspinous), and a posterolateral nucleotomy. This
injury was chosen because it was reproducible, allowed
examination of the stabilizing capability of the Dynesys,
and was consistent with injury models in the literature
[20].

The Dynesys was installed using the manufacturer’s
recommended operative procedure and supplied tools.
The pedicle screws were inserted into the L3 and L4
pedicles (lateral pedicle insertion technique) and ce-
mented in place using polymethylmethacrylate (PMMA)
to ensure that there was no loosening at the bone—screw
interface. The length of the PCU spacer that just fit
between the pedicle screws was determined by a spine
surgeon (OK), so that a neutral position of the spine was
maintained. Spacer lengths 2 mm longer and 2 mm
shorter than this standard length were investigated. The
spacers were manufactured with a modified stiffness for
testing in a room temperature environment to eliminate
the material property temperature dependence of the
spacers. There was 300 N of preload applied to the
tensioned cord during implantation and the sequence of
implantation was alternated randomly between the right
and left sides. The average standard spacer length was
25.945.6 and 25.2+5.3 mm for the left and right sides,
respectively.

During the flexibility tests, the position of each ver-
tebra was monitored by rigidly attaching four non-col-
linear infrared light emitting diodes (LED) to each body
(Fig. 2). A marker carrier with four LEDs on the base of
the spine machine defined a general specimen coordinate
system. An optoelectronic camera system (Optotrak
3020, Northern Digital, Waterloo, Canada) was used to
measure the three-dimensional coordinates of the
markers. The sampling frequency was 20 Hz.

The kinematic behaviour of the specimen was com-
pared for the different test conditions by looking at the
intersegmental motion between L3 and L4. Specifically,
we calculated NZ and ROM about the primary axis of
rotation, to describe the magnitude of the rotation.
Furthermore, we calculated the three-dimensional HAM
for the L3-L4 segment over the entire motion [§8]. The
axis position was reported as a penetration point in one
plane and its orientation in two planes. A local coordi-
nate system with its origin at the antero-superior point
of L4 was defined as follows. Initially, a local xy-plane
was established such that it was aligned with the coronal
plane of the general specimen coordinate system. This
coordinate system was then rotated in the sagittal plane
so that the z-axis was in plane with the superior endplate
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of L4 (based on radiograph). The penetration point of
the HAM, therefore, was with the yz-plane for flexion—
extension, the xy-plane for lateral bending, and the xz-
plane for axial rotation (Fig. 3). The location of the
penetration point was normalized based on the height,
width, and length of the L4 vertebral body. All kine-
matic analyses were based on the third loading cycle.
The effect of the spacer length on ROM, NZ, and
HAM parameters was determined using repeated mea-
sures analysis of variance (ANOVA) at a 95% level of
significance. Student-Newman—Keuls (SNK) post-hoc
analysis was used to determine the differences between
specific cases. Two sets of statistical tests were per-
formed. The first looked at the difference between the
intact, injury, and Dynesys standard spacer length
(absolute values). The second test focused on differences
between the three spacer lengths (normalized to intact).

Results

The ROM with the standard length Dynesys spacer was
significantly less than in the intact and injury conditions
in all directions of loading with and without a follower
preload (P <0.007) (Table 1). The only exception was in
axial rotation between the intact and Dynesys conditions
with a follower preload (P=0.06). Without a follower
preload, rotations ranged from 28 to 33% of intact
ROM in flexion, extension, and lateral bending and 72%
in axial rotation. With a follower preload, absolute
ROM was further reduced and the ratio of ROM for the
Dynesys to intact also decreased, except in axial rotation
where ROM became a greater percentage of intact
ROM.

The injury typically increased the NZ, and implan-
tation of the Dynesys generally reduced the NZ to a
magnitude below that of the intact spine (except in axial
rotation with a follower preload) (Table 2). The differ-

Fig. 3 Local coordinate system Y
created for L3 and L4 for
HAM analysis. Origin is at the 2

antero-superior point of L4

ences in NZ between the intact and Dynesys conditions
were significant only in lateral bending without
(P=0.002) and with (P=0.0002) a follower preload.
With the Dynesys, the NZ was significantly less than in
the injury condition in all directions of loading without a
follower preload (P<0.010) and in flexion—extension
with a follower preload (P =0.02).

Injury did not cause a significant difference in the
position or orientation of the HAM compared to the
intact condition (P> 0.05), except in the superior—infe-
rior direction in lateral bending with a follower preload
(P=0.03). Implantation of the Dynesys did significantly
affect the HAM as compared to the intact specimen
(Figs. 4, 5, 6). Without and with a follower preload,
there was a posterior shift in the location of the HAM in
flexion—extension (P <0.0008) and axial rotation
(P <0.04) with the implant. Typically, the HAM moved
laterally to the right in axial rotation (P>0.07) and
lateral bending (P=0.03 without a follower preload and
P=0.13 with a follower preload) with the Dynesys.
Orientation of the HAM in flexion—extension without a
compressive follower preload significantly rotated
counter—clockwise in the xz (L4 superior endplate) plane
(P=0.002). In axial rotation without a follower preload,
the HAM rotated clockwise in the yz (mid-sagittal)
plane (P=0.003). There were no significant differences
in the orientation of the HAM in lateral bending.

In all loading directions, there was generally an in-
crease in ROM with the long spacer and a reduction in
ROM with the short spacer, as compared to the kine-
matics of the standard length spacer. Without a com-
pressive follower preload, the spacer length did create a
difference in ROM with P<0.006 (Table 1, Fig. 7).
Post-hoc analysis revealed that the differences were sig-
nificant between all the three spacer lengths (P <0.015),
except between the long and standard spacer in flexion
and extension (P >0.474). While the same trend was
seen with a follower preload, the changes in ROM were

y
(
N
X

[~

A
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Table 1 Absolute average range of motion (ROM) in degrees for an intact specimen, injured specimen, and three different Dynesys spacer
lengths (short, standard, and long) in flexion, extension, lateral bending, and axial rotation. (A) Without a compressive follower preload.

(B) With a compressive follower preload

Condition Flexion Extension Lateral bending Axial rotation
A: Without follower load

Intact 37+1.5 33+1.5 38+1.4 2.1+0.9
Injury 6.1+1.4 44+1.2 50+1.8 2.8+1.2
Short 0.5+04 0.5+0.3 0.84+0.5 1.3£0.9
Standard 1.0£0.6 1.1+£0.7 1.0£0.5 1.6+1.0
Long 1.0+0.5 1.3+0.9 1.2+0.5 1.9+0.9
B: With follower load

Intact 4.4+£2.0 24+09 24+1.2 1.2+0.5
Injury 58+2.5 2.7+1.7 1.4+0.9 1.3+£0.6
Short 0.4+0.3 0.3+0.2 0.5+0.3 09+04
Standard 0.5+£0.3 0.5+0.3 0.5+0.2 1.0+0.5
Long 0.5+0.3 0.6+0.2 0.6+0.3 1.24+0.5

Numbers are the average and standard deviation for ten specimens. Lateral bending and axial rotation ROM are reported as an average of

one side only

Table 2 Absolute average

neutral zone (NZ) in degrees for Condition Flex—Ext Lateral bending Axial rotation
an intact specimen, injured
specimen, and three different A: Without follower load
Dynesys spacer lengths (short, Intact 0.4+0.5 0.7+0.4 0.3+£0.3
standard, and long) in flexion—  Injury 1.3+1.0 1.1+0.7 0.5+0.5
extensions, lateral bending, and ~ Short 0.1+£0.0 0.1+0.1 0.2+0.2
axial rotation. (A) Without a Standard 0.2+0.1 0.1+0.1 0.3+0.3
compressive follower preload. Long 0.2+0.2 0.2+0.1 0.3+£0.2
(B) With a compressive preload B Wi §
. With follower load

Intact 0.6+0.5 1.1+0.6 0.1+0.1

Injury 0.8+0.8 0.5+0.3 02+0.2
Numbers are the average and Short 0.1+0.0 0.1+0.1 0.2+0.1
standard deviation for the ten Standard 0.1+0.1 0.1+£0.1 0.2+0.2

Long 0.1£0.0 0.2+0.1 02+0.2

specimens

only significant in axial rotation and were between all
three spacer lengths (P <0.030).

The NZ was typically greatest with the long spacer
and least with the short spacer (Table 2, Fig. 8). How-
ever, between the various spacer lengths, the difference
in NZ was only significant in flexion—extension (without
a follower preload) between the standard and short
spacers (P=0.033) and in lateral bending (with and
without a follower preload) between the long and stan-
dard spacers (P <0.032) and between the short and long
spacers (P <0.018).

There were no significant differences (P >0.05) in
orientation or location of the HAM between the three
spacer lengths, except in axial rotation with a follower
preload where the HAM with the short spacer was sig-
nificantly more posterior than with the long spacer
(P=0.033) and significantly rotated clockwise in the yz
(mid-sagittal) plane (P=0.033) (Figs. 4, 5, 6). The other
exception was in flexion—extension without a follower
preload, where the short spacer resulted in a significant
difference in orientation compared to the long spacer in
the xz (endplate) plane (P =0.035).

Discussion

A comprehensive biomechanical evaluation is necessary
for non-fusion spinal stabilization techniques. The goal
of dynamic spinal stabilization is to restore normal
segmental kinematics to the spine. This includes not only
the ROM, but also the motion pattern as represented by
the location and orientation of the HAM. The motion
pattern, less investigated in previous studies, has an ef-
fect on the loading profile within the facet joints, inter-
vertebral disc, and posterior ligaments, as well as on the
adjacent segments. The purpose of this in vitro study
was to perform a comprehensive kinematic analysis to
determine if the length of the Dynesys spacer affects
kinematic behaviour. Ten lumbar specimens were sub-
jected to flexibility testing in flexion—extension, lateral
bending, and axial rotation, with and without a com-
pressive follower preload. Kinematic evaluation in-
cluded ROM, NZ, and HAM.

The results of this study show that in all the three
loading directions there was an increase in ROM with



918

# Intact

@ Injury

m Dynesys

A Dynesys Long
Dynesys Short

L3

L4

Normalized position with L4 body height

Normalized position with L4 AP length

=

= 1

E Right Left

a I

<

=T —_—

- —%

=

g 4

c

2

.a 1

Q

a 4

kel

D

N

W 1 L4 # Intact

E z @ Injury

o | m Dynesys

= | 4 Dynesys Long
x Dynesys Short

Normalized position with L4 body width

L4

¥

Normalized position with L4 body height

L3
I

L4

Normalized positionwith L4 body height

I | ——Dynesys Long
X Dynesys Short X Dynesys Short
Normalized position with L4 body width Normalized position with L4 body width
- w— ntact
= —m@m _Eb —
= — Injury [} ——Dynesys
C‘I:J Dynesys i == Dynesys Long
o =~ Dynesys Long ‘8 3 Dynesys Short
< Dynesys Short Right Left = \
= <
= \
£ £
5 2
'.g =} \
2 "ﬁ
g
-
g 3|
® N
@
E : |
= [s]
x Z z

Normalized position with L4 body width

Fig. 4 Helical axis of motion (HAM) in flexion—extension with no
follower load. The results presented are the average for ten
specimens and have been normalized by the height, width, and
length of the L4 vertebral body

the long spacer and a reduction in ROM with the short
spacer compared to the standard spacer. The differences
in ROM observed with different spacer lengths were
significant in all the directions of loading without a
follower preload (except between the standard and long

Normalized position with L4 AP length

Fig. 5 Helical axis of motion (HAM) in axial rotation with no
follower load. The results presented are the average for ten
specimens and have been normalized by the height, width, and
length of the L4 vertebral body

spacers in flexion and extension), but the most signifi-
cant change was seen in axial rotation. Compared to
intact and injured specimens, all the three lengths of
Dynesys spacers resulted in a significantly lower ROM
with the least significant reduction observed in axial
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Fig. 6 Helical axis of motion (HAM) in lateral bending with no
follower load. The results presented are the average for ten
specimens and have been normalized by the height, width, and
length of the L4 vertebral body

rotation. There were not many significant changes in NZ
between the different spacer lengths. The Dynesys ten-
ded to reduce the larger NZ of the injured specimen to a
magnitude that was below that of the intact specimen.
Changes in NZ were significant between the Dynesys

180
Flexion Extension Lateral Bending Axial Rotation
160 - A OO0N
* * WG600N
140 -
S 120 A { \
8 * *
§ 100 1 T + Intact
£ N
S 80 - .
* * (_H A
= — A .
g 6097 . — N
40
20 A
0 .

Short Std Long Short Std Long Short Std Long Short Std Long
* p<0.030 Spacer Length
Fig. 7 Average rotations with the three different Dynesys spacers
(short, standard, and long), normalized to intact ROM. All the
three directions of loading, with and without a follower preload

350
Flexion-Extension Lateral Bending Axial Rotation

300 4 OO0N
W600N
250 .
200 A .
104 . \
f \ T ( \ T | Intact
N Ol LR

Short Std Long Short Std Long Short Std Long
" p<0.033 Spacer Length

N
o
o

Neutral Zone (% of intact N2)

h

Fig. 8 Average neutral zone for the three different Dynesys spacers
(short, standard, and long), normalized to intact neutral zone. All
three directions of loading, with and without a follower preload

and injury condition, but typically not significant be-
tween the Dynesys and the intact specimen (except in
lateral bending). With a follower preload, the differences
in NZ were less significant and only present in lateral
bending. Only in axial rotation with a follower preload
were there significant differences in location of the HAM
between spacer lengths. Generally, the shorter the
spacer, the more posteriorly the HAM was located.
There were significant differences in the orientation of
the HAM in flexion—extension (without a follower pre-
load) and axial rotation (with a follower preload) be-
tween the long and short spacers. The most significant
changes in the HAM took place with the implantation of
the Dynesys system as compared to the intact specimen.
The HAM moved posteriorly when the Dynesys was
implanted. In addition, there was a shift in the orienta-
tion of the axis in flexion—extension and axial rotation.
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The standard deviation of the HAM with the im-
planted Dynesys was relatively large. The position and
direction errors are inversely proportional to the rota-
tion magnitude [22]. Thus, the accuracy of the HAM is
lower under small rotations. With the Dynesys im-
planted, the motion is small; hence, in some cases the
calculated HAM was ill-defined and excluded from the
analysis. No more than two specimens were excluded
concurrently. In this study, the pedicle screws were ce-
mented in place using PMMA to eliminate the loosening
at the bone—screw interface since this was not the focus
of this study. This is typically not done as a part of the
surgical procedure, so it may not be clinically relevant.
However, the stiffness of the pedicle bone—screw inter-
face may potentially influence the function of the im-
plant with respect to the kinematic behaviour of the
segment. Due to the decreased stiffness of the spacer
used in this study compared to a spacer used in vivo, the
applied tensile preload leads to a lesser screw distance
compared to the intra-operative situation. Therefore, the
segment experiences more compression after implanta-
tion leading to a decreased disc height and a smaller gap
in the facet joints. In the present study, we suspect that
the long spacer (+2 mm) is representative of the in vivo
situation.

The age of the specimens tested in this study was
fairly old; hence, there may have been degenerative
changes present. This was not anticipated to have a
significant effect on the results. Even though patients
receiving this implant are often from a younger popu-
lation, the device is implanted to try and correct a
problem, often one resulting from disc degeneration. In
addition, it has been previously shown that disc degen-
eration has a minimal effect on the ROM [12] and may
even result in a decrease in ROM in the latter stages [5].

The magnitude of the applied rate of rotation in this
study was only approximate. After the study was con-
cluded, we discovered that there was some undesirable
slippage along the joints of the spine machine arm,
which led to a rotation rate that was proportional to the
stiffness of the specimen. The variability in rotation rate
between specimens was less than 0.4°/s in flexion—
extension. Slight reductions in the rotation rate with the
Dynesys implants were due to a small increase in stiff-
ness once the device was implanted. However, if this did
affect our results, the tendency would be towards more
conservative measurements. An increase in stiffness
would cause a decrease in the applied rotation rate, and
due to the viscoelastic properties of the spine, this would
lead to an increase in ROM. Therefore, in this study, the
ROM resulting from testing with the implanted Dynesys
may in fact be even smaller than what was measured.

The strength of this study was that it incorporated
HAM into the investigation of the kinematic behaviour.
This created a very complete analysis of the kinematics
with the implanted Dynesys system. All the testing was

done with and without a compressive follower preload,
which shows the effect that the application of the fol-
lower preload has on the kinematic behaviour. Also, a
follower preload has been shown to be an effective
means of simulating physiological conditions in in vitro
studies [16].

Constraint to segmental motion is created not only
by the Dynesys configuration, such as a pre-tensioned
cord, but also by the compression of the segment
(intervertebral disc and facet joints) that is produced
with the device. Segmental compression, especially at
the posterior elements, is largely dependent on the
spacer length, which affects intersegmental ROM, most
notably in axial rotation. In the present study, a 4 mm
change in spacer length led to an average interseg-
mental motion change of 30% in axial rotation, 23%
in extension, 14% in flexion, and 11% in lateral
bending. With the long spacer, there was an increase in
ROM, a smaller posterior shift in the position of the
HAM in axial rotation, and a typically smaller change
in the orientation of the HAM as compared to the
short spacer. Concurrent work by our group found
that the average initial contact load in the facet joints
created by the implantation of the device changed
from 15 N with the long spacer to 42 N with the short
spacer [13]. These initial static facet loads show that
there was less contact between the facets when the long
spacer was implanted. The long spacer reduced seg-
mental compression and therefore increased ROM.
Lund et al. [10] observed similar results when looking
at the effects of variations in the compression of pos-
terior instrumentation on motion. In that study, dis-
traction of the posterior elements resulted in a greater
motion along the anterior column when loaded in axial
compression. Although Lund et al. examined the ef-
fects only in axial loading, their results are consistent
with the findings of our study in determining that the
stiffness of the segment was affected by the length of
the spacer, which resulted in kinematic changes.

As is evident by the lateral shift in HAM in lateral
bending and the non-significant shift in axial rotation
with the implantation of the Dynesys, the bilateral nat-
ure of the system introduced an asymmetric stiffness to
the segment. The order of implantation was performed
randomly between the right and left sides and thus the
asymmetry appeared independent of which side was in-
stalled first. Reasons for this observation could include
the small variation in the pre-tension that was applied to
the cord, differences that may have occurred in sizing the
standard spacer length, and the operative technique. The
asymmetrical stiffness may have important implications
clinically.

Even though ROM was substantially reduced with
the implanted Dynesys, the long spacer produced kine-
matic behaviour that was more similar to that of an
intact spine compared to the other spacer lengths tested.
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As mentioned earlier, we suspect that the long spacer
may better represent the intra-operative situation due to
the softer material and thereby higher compression
during implantation in the present study. However, a
balance between desirable kinematics and neutral posi-
tion of the spine must be found. By increasing the length
of the spacer too much, the spine may potentially be-
come kyphotic, which may lead to adverse changes in
loading patterns and additional clinical problems not
predictable with in vitro testing.

Intact ROM at the L3-L4 level determined in this
study was comparable to the range of values reported in
the literature in all directions of loading [5, 12, 15, 20,
23] (Table 3). Intersegmental ROM observed at the
implanted level with the Dynesys in this study was
similar to that obtained by Schmoelz et al. [20] in all the
loading directions except extension (Table 4). The ROM
with the Dynesys was only slightly greater in the
Schmoelz study, which may be explained by their larger
applied moment (£ 10 Nm). In extension, however, the
difference in ROM between the two studies was more
considerable. Schmoelz et al. observed a ROM with the
Dynesys that was in the range of the intact specimen,
whereas we saw a decrease in the motion by an average
of 67%. The ROM reported by Freudiger et al. [3] in
flexion—extension was much greater than the values ob-
served in our study. This might be due to a larger ap-
plied moment and a different mechanism for the
application of the load. However, in that study, the
model did not include destabilization, so motions may
have been even greater had an injury been created.
Freudiger et al. did notice a significant decrease in ROM

Table 3 Range of motion (ROM) comparison for intact specimen

of nearly 50% with the Dynesys compared to an intact
specimen, which is consistent with the results of this
study.

With a follower preload, generally, the same trends
were seen in ROM, NZ, and HAM as those seen without
a follower preload, but typically the differences between
the test conditions were smaller. The ROM decreased in
all the three loading directions with a follower load and
since the motion with the Dynesys was already small,
differences between the spacers became less pronounced.
This is consistent with the previous studies [6, 17, 18§].
NZ decreased in flexion—extension and axial rotation
with the application of a follower load, but increased in
lateral bending, which could be related to the lateral
fixation of the follower preload. In flexion—extension,
compared to testing without a follower preload, the
follower load tended to shift the HAM with the Dynesys
implants anteriorly towards the location of the intact
HAM.

In summary, the magnitude of ROM in all the
loading directions with the Dynesys was significantly
lower that that of the intact and injured specimens. The
differences observed were least significant in axial rota-
tion. Injury typically increased the NZ, but implantation
of the Dynesys restored the NZ to a magnitude less than
that of the intact spine. The HAM was located signifi-
cantly more posteriorly in flexion—extension and axial
rotation with the Dynesys than in the intact condition.
The spacer length of the Dynesys did affect the kine-
matic behaviour. ROM was affected most significantly,
followed by HAM, and finally NZ in which no signifi-
cant differences were observed between the three spacer

Flexion Extension Lateral bending Axial rotation
Panjabi et al. [15] 7.5 Nm 6.5 2.0 5.0/4.5 1.8/2.0
Fujiwara et al. [5] 6.6 Nm (Male) 3.0 2.4 7.3 2.3
Mimura et al. [12] 10 Nm 12.8 - 11.0 (2.5) 2.5(2.0)
Schmoelz et al. [20] 10 Nm 4.5 4.0 4.0/5.0 1.0/1.0
Yamamoto et al. [23] 10 Nm 7.5 (0.8) 3.7 (0.3) 5.8 (0.5)/5.7 (0.3) 2.7 (0.4)/2.5 (0.4)
Freudiger et al. [3] 18.3 Nm 9.6 (1.7) 2.1 (1.0)
Our study 7.5 Nm 3.7 (1.5) 3.3(1.5) 3.5 (1.4)/4.1 (1.5) 2.2(0.9)/1.2 (0.6)

Values represent ROM in degrees for an intact specimen in vitro. The applied moment for each study is also provided. In lateral bending
and axial rotation, the motion is shown as right/left or total. Numbers in parentheses are the standard deviations, where available

Table 4 Range of motion (ROM) comparison with Dynesys system

Flexion Extension Lateral bending Axial rotation
Freudiger et al. [3] 18.3 Nm 4.3 1.1
Schmoelz et al. [20] 10 Nm 1.0 4.0 1.8/1.1 2.0/1.7
Our study 7.5 Nm 1.0 1.1 0.9/1.1 1.7/1.5

Values represent ROM in degrees for a specimen with the implanted Dynesys system (standard length). The applied moment for each
study is also provided. In lateral bending and axial rotation, the motion is shown as right/left or total
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lengths. The long spacer resulted in a ROM and motion
pattern, as represented by the location and orientation
of the HAM, that was closer to that seen in an intact
specimen. Observations with the use of even longer
spacers indicated that there may exist a maximum spacer
length that once exceeded would place the spine in a
significantly altered neutral position such that the spine
becomes kyphotic. Inclusion of both the magnitude and
pattern of motion, as in this study, provides valuable

information necessary to perform a comprehensive
biomechanical evaluation of non-fusion systems for the
spine.
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