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Abstract

Objectives: The purpose of this study was to examine the biomechanical effects of fixation on
range of motion (ROM) in the upper and lower adjacent segments of different lumbar spine
segments in a goat spine model.

Methods: Fifteen goat spine specimens (vertebrae T12-SI) were randomly divided into three
groups: A (single-segment fixation), B (double-segment fixation), and C (triple-segment fixation).
Motion in different directions was tested using a spinal motion simulation test system with five
external loading forces. Transverse, forward—backward, and vertical displacement of the upper
and lower adjacent segments were measured.

Results: As the external load increased, the upper and lower adjacent segment ROM increased.
A significantly greater ROM in group C compared with group A was found when the applied
external force was greater than 75 N. The upper adjacent segment showed a significantly greater
ROM than the lower adjacent segment ROM within each group.

Conclusions: Adjacent segment ROM increased with an increasing number of fixed lumbar
segments. The upper adjacent segment ROM was greater than that of the lower adjacent seg-
ments. Adjacent segment stability after lumbar internal fixation worsened with an increasing
number of fixed segments.
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Introduction

Lumbar internal fixation is the main treat-
ment method for patients with lumbar
spondylolisthesis, lumbar spinal stenosis,
and lumbar vertebral fractures. However,
adjacent segment degeneration (ASD)
often occurs after lumbar multisegment fix-
ation,' ? resulting in unsatisfactory clinical
efficacy in long-term follow-up and a high
incidence of revision lumbar surgery.*>

Many potential mechanisms contribute
to the occurrence of ASD, but one of
most important mechanisms is increased
mobility in adjacent segments caused by
the rigid and long fixed segments, which
leads to ASD.®® Stress is concentrated on
the adjacent segments, resulting in their
increased activity and poor stability.®’
ASD has also been detected in patients
with an increased number of lumbar inter-
nal fixations and fusions.

Because ASD often occurs after lumbar
internal fixation, improving the surgical
methods and strategies to reduce the inci-
dence of ASD has become a topic of interest
to scholars. There are several surgical strat-
egies to prevent ASD, such as hemilaminec-
tomy and total laminectomy,'® hybrid
instrumentation of the lumbar spine,11 the
topping-off technique,'? semi-rigid stabiliza-
tion device,'® dynamic stabilization devices,
and other implants.'* Most lumbar degener-
ative diseases in middle-aged and older
patients involve multisegmental degenera-
tion, and the degree of degeneration from
lesions in different segments varied.'”

To reduce the incidence of ASD caused
by multisegment fixation, some surgeons

recommend selecting the short-segment
internal fixation, which solves the problem
of lumbar instability, preserves the range of
motion (ROM) in the lumbar spine, and
conforms to the original physiological
activity of the spine. However, surgical
treatment of lumbar fractures or degenera-
tive diseases often requires fixation of mul-
tiple segments, and even if therapy is limited
to single or double segments, various
degrees of degeneration in adjacent seg-
ments were found during long-term
follow-up.

Our previous biomechanical study'®
found that when the number of fixated
lumbar segments increased, the ROM and
intradiscal pressure of the adjacent seg-
ments also increased. The upper adjacent
segment or the lower adjacent segment is
more prone to degeneration after firm fixa-
tion. However, it is still unclear if the supe-
rior or inferior segment is more significantly
affected after fixation. To the best of our
knowledge, this topic has not yet been
reported in the current research literature
and is worthy of further study.

Humans and goats are not closely related
species. However, the goat spine model is
considered to have good similarity to the
human spine and to be a good biomechan-
ical model to simulate human spinal motion
after anatomical and biomechanical analy-
sis.!” Therefore, the main purpose of this
study was to analyze the effects of applying
different pressures and mechanical loads in
various directions on the ROM in adjacent
upper and lower segments in different fixed
segments of the goat lumbar spine.
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Materials and methods

Materials

Fifteen spine specimens from 1- to 2-year-
old goats were selected.* After the
goats were sacrificed, isolated spine speci-
mens were obtained within 2 hours. All
the tested specimens were from vertebra
T12 to S1. They were kept moist using
wet gauze and were sealed in plastic bags
and stored frozen at —20°C until experi-
mentation. The specimens were removed
from the —20°C freezer 24 hours before
the experiment and allowed to thaw natu-
rally to a room temperature of 22°C to
25°C.

The paravertebral muscles of the goat
spine were removed, but the interspinous lig-
aments, the supraspinous ligaments, the
intervertebral discs, and the vertebral

bodies were completely preserved. All speci-
mens were radiologically examined to
exclude deformed spine specimens. A denture
base polymer (Shanghai Beigiong Tooth Co.
Ltd., Shanghai, China) was reconstituted and
used to embed the first lumbar vertebra and
tail vertebral bodies. Spinal internal fixation
equipment (Shanghai Sanyou Medical Co.,
Ltd., Shanghai, China) included pedicle
screws (diameter, 5.0 mm; length, 30 mm),
titanium rods (diameter, 5.0 mm; length, 55
mm, 85 mm, and 110 mm), and eight boxes of
bone cement (Shanghai Sanyou Medical Co.
Ltd.). The biomechanical test system was
mainly a spinal motion simulation test
system (Shimadzu Corporation, Jiangsu,
China) and high definition (HD) cameras
(Canon Co. Ltd., Beijing, China; Shenzhen
Jinghang Technology Co., Ltd., Shenzhen,
China) (Figure 1).

Figure |. Main experimental equipment.
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Figure 2. Successful specimen model and its X-ray imaging.

Groups and experimental models

The 15 experimental specimens were ran-
domly divided into three groups: A, B,
and C. Each group included five specimens,
and is described below.

Group A was a single-segment fixation
group. Pedicle screws (5.0 mm x 30 mm)
were screwed into the bilateral sides of the
L4 and LS5 vertebral bodies, titanium rods
(5.0 mm x 55 mm) were attached, and the
nuts were tightened. The upper segment is
indicated by A1l while the lower segment is
indicated by A2.

Group B was a double-segment fixation
group. Pedicle screws (5.0 mm x 30 mm)
were inserted bilaterally into the L3, L4,
and L5 vertebral bodies, titanium rods
(5.0 mm x 85 mm) were placed, and the
nuts were tightened. The upper segments
are indicated by B1 while the lower segment
is indicated by B2.

Group C was a triple-segment fixation
group. Pedicle screws (5.0 mm x 30 mm)
were inserted into both sides of the verte-
bral bodies of L2, L3, L4 and L5, titanium

rods (5.0 mm x 110 mm) were placed, and
the nuts were tightened. The upper seg-
ments are indicated by C1 while the lower
segment is indicated by C2.

All specimens were subsequently exam-
ined using an X-ray to determine whether
the lumbar internal fixation implant was in
a good position. A representative specimen
model and its radiologic image are shown in
Figure 2.

Experimental protocol

After successfully establishing the specimen
model, we began to test the ROM of the goat
lumbar spine specimens. The force-loading
device was produced by Shimadzu (AG-IS-
20 model; Shimadzu Analytical China Ltd.,
Suzhou, China). The torque generation and
image detection device were homemade and
calibrated. The force-loading device was a
universal testing machine with accurate
measurements that were obtained using
crosshead displacement measurements. The
measurement resolution was 0.001 mm, and
the crosshead speed accuracy was +1%. The
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accuracy of the pressure sensor (type: SFL-
20KNAG) was +0.5% of the displayed
value for tensile pressure measurement, and
the accuracy of displacement that was mea-
sured using visual methods (depending on
the spatial position of each experiment) was
up to £0.01 mm.

The Shimadzu universal testing machine
that was used for this experiment was set at
a constant loading speed of 35 mm/minute,
and the frequency of acquisition was 50 Hz/
s. Anterior flexion, posterior extension, and
lateral bending were generated by applying
a pure torque in the forward, backward, left,
and right directions, without axial external
load involvement. The top of the device is a
fixed disc on which paired force couples
were applied with a force arm length of 45
mm, the size of which can be calculated
from the forcexforce arm (45 mm). Three
preconditioning steps were performed
before each force loading. Preloading was
used for flexion and extension of the spine
as well as left and right torsion. The magni-
tude of the preload moment was 20% of the
experimental maximum moment.

Spinal specimens were tested using ante-
rior flexion, posterior extension, and lateral
bending in group A under loading with five
axial external forces (45 N, 75 N, 105 N,
135 N, or 165 N). The transverse displace-
ment, forward-backward displacement,
and vertical displacement of the upper and
lower observation points of the adjacent
segments were recorded. The biomechanical
tests in Groups B and C were performed
using the same method. Figure 3 shows
the schematic diagram of the coordinates
of the ball movement during the testing
process.

This study was performed under the
guidance of the relevant laws and regula-
tions. This animal biomechanics research
program was reviewed and approved by
the Guangxi Zhuang Autonomous Region
People’s Hospital Medical Ethics
Committee (approval no. 2016065).

Camera calibration and coordinate
conversion

In the experiments involving cameras,
the left and right cameras were calibrated
independently, and the physical-to-pixel
ratio was converted from the physical
size of the marker sphere to the pixel
size relationship for the current experi-
ments. In this manner, the actual displace-
ment was converted from the
displacement that was calculated using
the image method. The observed diameter
of the sphere was 110 pixels, the physical
diameter was 1.45 mm, the physical
size of each pixel was 1.45/110, and the
pixel-level accuracy was approximately
0.013200 mm.

The relationship in the physical-to-pixel
ratio in the current experiment was calcu-
lated using the relationship between the
physical size of the marker ball (D. 1.35
mm) and the pixel size. The actual displace-
ment of the observation ball was converted
using the conversion formula.

During the test, some images were taken
from a 45° perspective (left and right viewing
angles). For the unification of the final
result, according to the three-dimensional
coordinate transformation formula, the
rotation transformation around the Z axis
(vertical ~direction, which is the Y
reverse direction in the acquired image) is
as follows:

Y

B
P (xsy’z)
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Figure 3. Schematic diagram of the coordinates of the ball movement.

Its transformation matrix is as follows:

cosf sinf 0 O

Toy — —sinf cosf0 0 0
0 0 10

0 0 0 1

The calibration results were obtained as
described below. When the angle (0) is 45°
(clockwise), the diameter of the marker ball
is 1.35 mm, and its pixels are 110. After the
above matrix formula transformation and
calculation, the physical size of each pixel
is 1.35 mm/110, from which the displace-
ment of the ball is calculated to be approx-
imately 0.01227 mm.

The displacement distance of the points
was input into the calculation transforma-
tion formula to calculate the forward—back-
ward displacement, transverse displacement,
and vertical displacement. Figure 4 shows
the plan view of the displacement of the
ball, and Figure 5 shows the stereo view of
the small ball displacement track.

Statistical methods

SPSS version 18.0 (SPSS Inc., Chicago, IL,
USA) was used for the statistical analysis.
The displacement data are expressed as the
mean + standard deviation. One-way anal-
ysis of variance was used for pairwise com-
parisons between groups, and a t-test was
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Figure 4. Plan view and 3D view of the displacement of the ball.

Figure 5. Left view of the ball/3D displacement schematic diagram/Right view of the ball.

used to compare the upper and lower points
within the group. The test level was set at
0=0.05, and P<0.05 was considered to be
statistically significant.

Results

As shown in Figures 6, 7, and 8, as the
external load increased, the ROM of the
upper and lower adjacent segments
increased in all three groups. The ROM
includes the lateral motion (Figure 6), back-
ward extension (Figure 7), and anteflexion
motion (Figure 8). In all groups, the ROM
of the upper adjacent segment was greater

than that of the lower adjacent segment for
the different directions of movement when
the external force was greater than 75 N
(P<0.001; Supplementary Tables 1-9).
When the ROM was compared between
groups A and C in different directions of
movement, including anterior flexion, pos-
terior extension, and lateral bending, the
differences in displacement (transverse dis-
placement, forward-backward displace-
ment, and vertical displacement) of the
upper and lower adjacent segments were
not statistically significant when the exter-
nal force was less than or equal to 75 N.
However, the displacement representing
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Figure 6. Measurement results of transverse displacement, forward—backward displacement, and vertical
displacement in lateral motion; Al, Bl and CI represent the upper adjacent segments; A2, B2 and C2

represent the lower adjacent segments.

TD, transverse displacement; FD, forward—backward displacement; VD, vertical displacement.

the ROM was significantly greater in group
C compared with group A when the exter-
nal force was greater than 75 N (P<0.05 for
all directions) (Supplementary Tables 1-9).

For lateral motion, significantly greater
displacement was found when the upper
ends of groups A and C and the lower
ends of groups A and C were compared

for transverse displacement (P<0.001;
Supplementary Table 1), forward and back-
ward displacement (P<0.020;

Supplementary Table 2), and vertical dis-
placement (P<0.001; Supplementary Table
3) when forces of 105 N, 135 N, and 165 N
were applied. There were no significant dif-
ferences in the transverse displacement, for-
ward and backward displacement, or
vertical displacement movements when
forces of 45 N or 75 N were applied.

For backward extension, significant dif-
ferences were found in the ROM when the
upper and lower ends of groups A and C
were compared for transverse displacement
(P<0.001; Supplementary Table 4), forward
and backward displacement (P<0.003;
Supplementary Table 5), and vertical dis-
placement (P<0.013; Supplementary Table
6) when forces of 105 N, 135 N, and 165 N
were applied. There were no significant

differences in the transverse displacement,
forward and backward displacement, or
vertical displacement movements when
forces of 45 N or 75 N were applied.

For anteflexion motion, significant dif-
ferences were found when the upper and
lower ends of groups A and C were com-
pared for  transverse  displacement
(P<0.001; Supplementary Table 7), forward
and backward displacement (P<0.003;
Supplementary Table 8), and vertical dis-
placement (P<0.007; Supplementary Table
9) when forces of 105 N, 135 N, and 165 N
were applied. There were no significant dif-
ferences in the transverse displacement, for-
ward and backward displacement, or
vertical displacement movements when
forces of 45 N or 75 N were applied.

The ROM in groups B and C were also
compared. The displacement representing
the ROM was also significantly greater in
group C compared with group B in the
upper and lower adjacent segments for lat-
eral motion (Supplementary Table 1), back-
ward extension (Supplementary Table 2),
and anteflexion (Supplementary Table 3)
motions, including anterior flexion, posteri-
or extension, and lateral bending, when
forces of 105 N, 135 N, or 165 N were
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Figure 8. Measurement results of transverse displacement, forward—backward displacement, and vertical
displacement in anteflexion motion; Al, Bl and CI represent the upper adjacent segments; A2, B2 and C2

represent the lower adjacent segments.

TD, transverse displacement; FD, forward—backward displacement; VD, vertical displacement.

applied (P<0.05 for most, with some excep-
tions; see Supplementary Tables 1, 2, and
3). When the force was less than or equal
to 75 N, the displacement was not signifi-
cantly different in the upper or lower adja-
cent segments.

For lateral motion, when groups B and
C were compared, statistically significant
differences in the ROM were observed for
transverse displacement (P<0.001;
Supplementary Table 1), forward and back-
ward displacement (P<0.001; except for the
upper end at 135 N, which was not

significant; Supplementary Table 2), and
vertical displacement (P<0.001;
Supplementary Table 3) when forces of
105 N, 135 N, and 165 N were applied.
There were no significant differences in
the transverse displacement, forward and
backward displacement, or vertical dis-
placement movements when forces less
than or equal to 75 N were applied.

For backward extension, when groups B
and C were compared, statistically signifi-
cant differences were observed in the ROM
for transverse displacement (P<0.001;
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except for the upper end at 135 N, which
was not statistically significant;
Supplementary Table 4), forward and back-
ward displacement (P<0.001;
Supplementary Table 5), and vertical dis-
placement (P<0.001; except for the upper
end at 105 N, which was not statistically
significant; Supplementary Table 6) when
forces of 105 N, 135 N, and 165 N were
applied. There were no significant differen-
ces in the transverse displacement, forward
and backward displacement, or vertical dis-
placement movements when forces of less
than or equal to 75 N were applied.

For anteflexion motion, when groups
B and C were compared, statistically
significant  differences were observed
for transverse displacement (P <0.001;
Supplementary Table 7), forward and
backward displacement (P <0.015;
Supplementary Table 8), and vertical dis-
placement (P < 0.001; except for the upper
end at 135 N, which was not significant;
Supplementary Table 9) when forces of
105 N, 135 N, and 165 N were applied.
There were no significant differences in
the transverse displacement, forward and
backward displacement, or vertical dis-
placement movements when forces less
than or equal to 75 N were applied.

In group A compared with group B, the
differences in the ROM of the upper and
lower adjacent segments were not statisti-
cally significant in any direction of
movement.

Discussion

Main findings

In our study, the ROM of adjacent seg-
ments in goat lumbar vertebrae increased
with increasing external mechanical load
after motions involving lateral bending,
anterior flexion, or posterior extension.
Compared with single- or double-segment
fixation, triple-segment fixation has a

more significant negative effect on the
activity of adjacent segments. In this exper-
iment, the ROM of the upper adjacent seg-
ment was larger than the ROM of the next
adjacent segment, and the more fixed seg-
ments there were, the greater was the
increase in horizontal displacement.

The influence of different fixed lumbar
vertebrae segments on adjacent
segments

Regardless of whether lateral bending
motion, anterior flexion, or posterior exten-
sion was performed, the displacement of the
upper and lower adjacent segments of the
lumbar spine after fixation increased with
increasing external mechanical load, but
the most significant change in displacement
was after three-segment fixation. The main
results of this research are consistent with
the results that were reported in previous
studies. ¢

The reason may be that the concentra-
tion of stress in adjacent segments after
lumbar internal fixation was significant,
leading to disc degeneration and symp-
toms.>”"'® Some researchers found that fol-
lowing long segmental fixation of the spine,
especially after fixation to the fifth lumbar
vertebral body or pelvis and loss of lumbo-
sacral mobility, stress was concentrated on
the proximal adjacent segment, causing
lesions in the proximal junction area. This
has even been shown to cause kyphosis or
failure of the proximal junction.'°

In this experiment, the increase in the
displacement of the adjacent segments
after multisegment fixation under external
force loading can also be explained by the
stress concentration theory.?! This means
that when one or more spinal segments
are fixed, the amount of deformation of
the fixed segment will decrease or disappear
and can only be transferred to the upper
and lower segments. This results in
increased displacement, stress



Ou et al.

concentration, and increased passive
motion of these segments, and ultimately,
the adjacent segments become unstable.

To the best of our knowledge, there is no
biomechanical study that compares the
activity of the upper and lower adjacent
segments in an animal model. The results
of this study show that the number of
fixed segments is associated with horizontal
displacement and that the ROM of the
upper adjacent segments is greater than
that of the lower adjacent segments. Our
biomechanical research results are consis-
tent with previous research results on prox-
imal degeneration.”** Lange et al**
performed a biomechanical study that
showed that when the L2 to L6 vertebral
bodies were fixed, the proximal adjacent
segment ROM significantly increased.
However, the results from our study are
not consistent with actual clinical work.
The potential explanations may be that
our experiment was performed in vitro,
and exercise experiments using isolated
specimens under different loading condi-
tions may not completely simulate the phys-
iological movement of the living body.
Additionally, goats and humans are not
closely related species, and the physiologi-
cal movement of the goat spine is not iden-
tical to the physiological movement of the
human spine.

When multiple segments of the lumbar
spine are rigidly fixed, the fixed segment
loses its mobility and cannot disperse the
stress. The physiological stress transmission
of the lumbar vertebra will change, and the
stress is concentrated on the segments
above and below the fixed segment, result-
ing in poor stability of the adjacent seg-
ments. The increased stress on, and
increased ROM of, adjacent segments inev-
itably aggravate the degeneration of the
intervertebral discs and the facet joints of
adjacent segments.>>*® Therefore, based
on previous studies and our experimental
results, to prevent the occurrence of ASD,

we suggest that lumbar vertebral fracture or
lumbar degenerative disease should be fixed
in the responsible segment. For stable seg-
ments, the original physiological activity of
the lumbar spine should be preserved as
much as possible. Minimally invasive
decompression or short segment fixation
should be used as its basic standard
procedure.

Limitations of the study

The limitations of this study are described
below. First, although there is structural
similarity between the goat spine and
human spine, the goat spine cannot
completely simulate the physiological
movement mechanism of the human spine.
Second, the isolated lumbar spine speci-
mens that we selected had the paravertebral
muscles removed, which may have caused
experimental error due to structural integ-
rity damage. Finally, there may have been
some experimental errors in data collection
and the transformation process during the
experiments. Further biomechanical experi-
ments of isolated human spine specimens or
animal in vivo biomechanical experiments
are needed to detect the effects of different
fixed segments of the lumbar spine on the
proximal and distal mobility of adjacent
segments.

Conclusion

Goat biomechanical experiments show that
for the degree of motion in the adjacent
lumbar spine segments, the activity of the
upper adjacent segments is greater than the
activity of the lower adjacent segments.
Additionally, the more fixed segments
there are, the more obvious is the increase
in displacement. The increased ROM in the
adjacent segments could accelerate degener-
ation in adjacent segments, which is likely
to be the main factor in ASD after lumbar
internal fixation.
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