
Received: 2019.01.30
Accepted: 2019.03.05

Published: 2019.07.01

 2936   —   5   25

Biomechanical Effects of Fixation of Different 
Segments of Goat Lumbar Spine on Adjacent 
Segmental Motion and Intradiscal Pressure 
Change

 BCDEF Xiaoping Mu*
 ABCDE Zhuhai Li*
 ACD Dong Yin
 AE Bin Liang
 AEG Yufu Ou
 ADEG Jianxun Wei

  * Xiaoping Mu and Zhuhai Li contributed equally to this work
 Corresponding Authors: Yufu Ou, e-mail: Ou.YF1972@gmail.com, Jianxun Wei, e-mail: JXWei1972@163.com
 Source of support: This work was supported by the Guangxi Natural Science Foundation Program (2016GXNSFAA380058) and the Scientific Research 

Project of Guangxi Health and Family Planning Commission (Z2016625)

 Background: The aim of this study was to investigate the biomechanical fixation effects of different segments of the goat 
spine on adjacent segmental motion and intradiscal pressure (IDP) change.

 Material/Methods: Eighteen goat spine specimens were randomly divided into 3 groups: group A (single-segment fixation), group B 
(double-segment fixation), and group C (triple-segment fixation). The motion was tested on each specimen us-
ing a spinal motion simulation test system with rational pressure loading. The IDP was measured using a pin-
hole pressure sensor.

 Results: Range of motion (ROM) and IDP of adjacent segments increased with increased external load. In comparison of 
the 3 groups, significant differences in ROM were found when the external force was more than 100 N (P<0.05). 
The differences in IDP of the adjacent segment were statistically significant (P<0.05) when external pressure 
was greater than or equal to 60 N. However, in comparison of group A with group B, no significant differences 
in ROM and IDP of the adjacent segments were noted for the motions of anterior flexion, posterior extension, 
and lateral bending (P>0.05). Moreover, upper adjacent segments had greater ROM than the lower adjacent 
segments (P<0.05). We found significant differences between IDPs of the upper adjacent segments and lower 
adjacent segments (P<0.05).

 Conclusions: As the number of fixated lumbar segments increases, ROM and IDP of the adjacent segments increase. 
Multisegment fixation is most likely the main factor contributing to the development of adjacent segmental 
lesions after lumbar fixation.
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Background

Chronic low back pain is the most common symptom of lum-
bar degenerative disease [1]. Surgery is an effective treatment 
for patients for whom conservative treatments are ineffective 
and for those with severe neurological symptoms. For patients 
with lumbar degenerative disease and lumbar instability, lum-
bar internal fixation with fusion is often used. With the increase 
in the number of clinical cases and the length of follow-up, 
adjacent segment degeneration (ASD) has become an impor-
tant factor for patients who undergo secondary surgery. ASD 
caused by the stress shielding and by the loss of lumbar mo-
tion due to multisegment fixation is an important factor that 
can produce long-term clinical effects [2,3]. Although the exact 
incidence and mechanism of development of ASD remain un-
clear, there is evidence that the high incidence of ASD after sur-
gery is associated with rigid internal fixation and fusion [3–5].

To help prevent ASD caused by multisegment fixation, some re-
searchers advocate the use of selective short-segment internal 
fixation; this not only solves the problem of lumbar stability, 
but also maintains a physiological range of motion similar to 
that of a normal spine. This approach offers an advantage in 
preserving the physiological motion range of the lumbar spine. 
However, lumbar degenerative disease of multiple segments 
often occurs. Even if it is limited to single or double segments, 
accompanying degeneration of the adjacent upper/lower seg-
ments is very common. Thus, short-segment fixation is not an 
effective measure in all cases. Importantly, few studies have 
addressed the biomechanical fixation effects of different seg-
ments of the lumbar spine on adjacent segments, and very 
few such studies have been conducted using animal models.

The goat spine model has good similarity to humans and is 
considered a good biomechanical model of the human lum-
bar spine [6]. Therefore, the aim of this study was to investi-
gate the biomechanical effects of the fixation of different seg-
ments of the goat lumbar spine on the adjacent segmental 
motion and intradiscal pressure (IDP) tested by applying dif-
ferent pressures and mechanical loads in different directions.

Material and Methods

Experimental material

Eighteen spine specimens (T12–S1) from goats 12 to 24 months 
of age were selected. All specimens were obtained within 2 h 
after sacrifice of animals and were examined by X-ray to ex-
clude abnormal physiological structures or deformities. Then, 
they were wrapped in wet gauze, sealed in plastic bags, and 
stored frozen at –20°C.

The specimens were removed from the –20°C freezer 24 h prior 
to the experiment and allowed to thaw naturally at room tem-
perature. The paravertebral muscles were stripped, but the in-
terspinous ligament, supraspinous ligament, intervertebral disc, 
and vertebral body were preserved intact. Denture base polymer 
(Shanghai Beiqiong Tooth Co.) was prepared and used to embed 
L1 and the tailbone. The specimens were numbered. The internal 
fixation materials (Shandong Weigao Group) included pedicle 
screws (diameter, 5.5 mm; length, 35 mm), titanium rods (diam-
eter, 5.0 mm; length, 60 mm, 90 mm, and 120 mm), and 9 boxes 
of bone cement. The experimental equipment included a spi-
nal motion simulation test system manufactured by Shimadzu 
Corporation and a pinhole pressure sensor (Figure 1).

Establishing and grouping the experimental models

The 18 experimental specimens were randomly divided 
into 3 groups (A, B, and C) with 6 specimens in each group. 
The standard posterior lumbar internal fixation technique was 
performed for these specimens. Group A was a single-seg-
ment fixation group in which 4 pedicle screws (5.5×35 mm) 
were placed on both sides of the L4 and L5 vertebral bodies 
with placement of titanium rods (5.0×60 mm). Group B was 
a double-segment fixation group in which 6 pedicle screws 
(5.5×35 mm) were placed on both sides of the L4, L5, and L6 
vertebral bodies with placement of titanium rods (5.0×90 mm). 
Group C was a 3-segment fixation group in which 8 pedicle 
screws (5.5×35 mm) were placed on both sides of the L2, L3, 
L4, and L5 vertebral bodies with placement of titanium rods 
(5.0×120 mm). The successful specimen model and its X-ray 
imaging are shown in Figure 2.

Figure 1. Experimental equipment.
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Experimental protocol

Test of the range of motion of the lumbar spine: Motion in 3 
directions, including anterior flexion, posterior extension, and 
lateral bending, was tested on each specimen in group A with 
loading of 5 different axial external forces (50 N, 80 N, 100 N, 
120 N, and 150 N) followed by observation and measurement 
(with conversion) of the transverse displacement, the forward-
backward displacement, and the vertical displacement of the 
upper and lower adjacent segments. The same method was 
used to test the biomechanics of the specimens in groups B 
and C, and the relevant data were recorded.

Test for IDP: The neutral position of the spine specimen was 
used for pressure loading. The IDP was tested using a pinhole 
pressure sensor. The upper and lower parts of the specimen 
were embedded in embedding powder and mounted in the 
clamp of the test system. Water was sprayed on the thawed 
specimen every 5 min to prevent dehydration and degradation 
of the specimen [7]. The experimental environment was main-
tained at a relatively constant temperature of approximately 
23°C. The peripheral temperature was monitored in real time. 
X-ray radiography was performed to assess the intactness of 
each specimen before and after testing. The corresponding 
pressure values were observed and recorded under 5 external 
loads (20 N, 40 N, 60 N, 80 N, and 100 N). Figure 3 shows the 
definition of direction of motion during the testing process.

This study protocol was reviewed and approved by the au-
thors’ institutional ethics committee. The principles of the 

Helsinki Declaration served as the ethical guidance for imple-
mentation of this study.

Camera calibration and coordinate conversion

Two cameras were used in the experiments; the left and right 
cameras were individually calibrated. The diameter of the cal-
ibration ball was 1.45 mm. According to the relationship be-
tween the physical size of the calibration ball and the pixel 
size, the physical/pixel ratio in the current experiment was ob-
tained and used to calculate the actual displacement accord-
ing to the imaging method.

In this study, some images were taken from a 45° viewing 
angle (left and right viewing angles). To unify the images ac-
cording to the three-dimensional coordinate transformation 
formula, the rotation transformation around the Z axis (verti-
cal direction, i.e., the reverse direction of the Y axis in the ac-
quired images) is shown as follows:

 4
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Calibration results: the diameter of the small ball, which has a physical diameter of 
1.45 mm, is 110 pixels; thus, the physical size of each pixel is 1.45 mm/110. The 
displacement is approximately 0.013200 mm. 

The displacement of the observation point was input into the transformation formula, 
and the formula was used to calculate the forward-backward displacement, the 
transverse displacement, and the vertical displacement. 

Its transformation matrix is as follows:
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Calibration results: the diameter of the small ball, which has a physical diameter of 
1.45 mm, is 110 pixels; thus, the physical size of each pixel is 1.45 mm/110. The 
displacement is approximately 0.013200 mm. 

The displacement of the observation point was input into the transformation formula, 
and the formula was used to calculate the forward-backward displacement, the 
transverse displacement, and the vertical displacement. 

Figure 2. Successful specimen model and its X-ray imaging.

Figure 3.  Definition of direction of motion during the testing 
process.
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where the angle (q) is 45° (clockwise), i.e., the transformation 
matrix is as follows:

 4

Two cameras were used in the experiments; the left and right cameras were 
individually calibrated. The diameter of the calibration ball was 1.45 mm. According 
to the relationship between the physical size of the calibration ball and the pixel size, 
the physical/pixel ratio in the current experiment was obtained and used to calculate 
the actual displacement according to the imaging method. 

In this study, some images were taken from a 45° viewing angle (left and right 
viewing angles). To unify the images according to the three-dimensional coordinate 
transformation formula, the rotation transformation around the Z axis (vertical 
direction, ie, the reverse direction of the Y axis in the acquired images) is shown as 
follows:  
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Calibration results: the diameter of the small ball, which has a physical diameter of 
1.45 mm, is 110 pixels; thus, the physical size of each pixel is 1.45 mm/110. The 
displacement is approximately 0.013200 mm. 

The displacement of the observation point was input into the transformation formula, 
and the formula was used to calculate the forward-backward displacement, the 
transverse displacement, and the vertical displacement. 

Calibration results: the diameter of the small ball, which has 
a physical diameter of 1.45 mm, is 110 pixels; thus, the phys-
ical size of each pixel is 1.45 mm/110. The displacement is ap-
proximately 0.013200 mm.

The displacement of the observation point was input into the 
transformation formula, and the formula was used to calculate 

the forward-backward displacement, the transverse displace-
ment, and the vertical displacement.

Statistical methods

SPSS 17.0 software was used for statistical analysis. 
Measurement data are expressed as mean ± standard devia-
tion (SD). Quantitative data are expressed as the mean ±SD. 
The data for groups A, B, and C were pairwise compared by 
one-way analysis of variance (ANOVA). The test level was set 
at a=0.05. P<0.05 was considered statistically significant.

Results

Range of motion and IDP of adjacent segments increased with 
the increase of external load (Figures 4, 5). In the comparison 
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Figure 4.  Measurement results of transverse displacement, forward-backward displacement, and vertical displacement in different 
motion directions, TD – transverse displacement; FD – forward-backward displacement; VD – vertical displacement; A1, A2, 
A3 represent TD, FD, and VD at the upper adjacent segments, respectively; B1, B2, B3 represent TD, FD, and VD at the lower 
adjacent segments, respectively.
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of 3 groups for motions of anterior flexion, posterior extension, 
and lateral bending, the differences in transverse displacement, 
forward-backward displacement, and vertical displacement of 
the adjacent segments were not statistically significant when 
the external force was less than or equal to 80 N (P>0.05), 
but were statistically significant when the external force was 
more than 100 N (P<0.05). The differences in IDP of the adja-
cent segment were statistically significant (P<0.05) when the 
external pressure was greater than or equal to 60 N.

In the comparison of group A with group B, no significant dif-
ferences in motion range and IDP of the adjacent segments 
were noted for the motions of anterior flexion, posterior ex-
tension, and lateral bending (P>0.05). However, there were sta-
tistically significant differences between groups A and C and 
between groups B and C in motion range or in the IDP of the 
adjacent segments when the external force reached the cor-
responding pressure value (range of motion: 100 N and IDP: 
60N) (P<0.05).

The upper adjacent segments had greater range of motion than 
the lower adjacent segments for anterior flexion, posterior ex-
tension, and lateral bending (P<0.05). There were statistically 
significant differences between the IDP of the upper adjacent 
segments and the IDP of the lower adjacent segments (P<0.05), 
indicating that adjacent disc degeneration was more likely to 
occur at the lower adjacent segments after internal fixation.

Discussion

Main findings and significance

To the best of our knowledge, this is the first study in which 
goat spine specimens, which are similar in structure to the 
lumbar spine of the human body, were used to investigate 
the fixation effects of different segments of the lumbar spine 
on the adjacent segmental motion and IDP. This study has 

shown that the motion range and the IDP in adjacent lum-
bar segments increase with the increase of external mechan-
ical load, but that multisegment fixation of the lumbar spine 
has more obvious effects on the IDP and motion range of ad-
jacent segments. Moreover, the upper adjacent segment can 
produce greater motion range under mechanical load, while 
the effect of external load on IDP is mainly concentrated in 
the lower adjacent segment.

Lumbar internal fixation is the main method used in treatment 
of lumbar degenerative disease with instability, and is often 
combined with lumbar fusion, resulting in an average postop-
erative clinical satisfaction rate of only 68% [8]. Clinically, rigid 
internal fixation and high fusion rate do not seem to bene-
fit patients [9–11]. This is mainly due to the development of 
ASD, which is induced by loss of range of motion of the fixated 
lumbar segments and compensatory increases in the range of 
motion and stress on adjacent segments. With the increased 
number of clinical cases [12] and the long follow-up period, 
more and more cases of ASD have been reported. The use of 
biomechanics to study its pathogenesis has become an im-
portant focus for researchers [2–4].

The effect of internal fixation on the motion range of 
adjacent segments

Ignasiak et al. [13] found that stress concentration and loss 
of physiological motion range after long segmental fixation 
of the spine resulted in lesions in the proximal junction area 
and even in kyphosis or failure in the proximal junction area. 
Based on morphometric analysis, Smit et al. [14] concluded 
that the goat spinal model is similar to the human spine. 
Because of the large lumbosacral range of motion in the goat 
model, the maximum stress is focused on the junction of the 
movable spine and the fixed pelvis. Li et al. [15] also showed 
that there was obvious stress concentration in the lower ad-
jacent segment after internal segmental fixation and that the 
lower adjacent segment was more prone to degeneration and 

Figure 5.  The adjacent segmental IDP. (A) IDP at the upper adjacent segments; (B) IDP at the lower adjacent segments.
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caused corresponding symptoms. In this study, the range of 
motion of adjacent segments after fixation was determined by 
observing changes in displacement of the lumbar spine in dif-
ferent directions under different mechanical loads. The main 
results of this study are consistent with the results reported 
in most previous studies. In motions involving lateral bending, 
anterior flexion, or posterior extension, the displacement of 
the upper and lower adjacent segments of the lumbar spine 
showed an upward trend as the external mechanical load was 
increased. In particular, the displacement of adjacent segments 
was more obvious after multiple-segment fixation; this may 
be related to the effects of mechanical dispersion. In the lum-
bar spine, the 5 defined motion units have their own motion 
ranges under physiological conditions. When the lumbar seg-
ments are fixed, the fixated segments become a single-mo-
tion unit without any internal motion. In this case, when sub-
jected to an external load, the lumbar spine must redistribute 
the stress. However, as the number of motion units decreases, 
the amount of stress that is dispersed and transmitted to 
each motion unit inevitably increases, and the passive range 
of motion increases accordingly. The more fixated segments 
there are, the greater is the stress that is exerted on each mo-
tion unit and the greater the amount of displacement that oc-
curs in each direction, especially in the case of adjacent upper 
and lower motion units. The increase in displacement in this 
study can also be explained by the stress concentration the-
ory [16]; i.e., when a certain segment of the spine is fixated, 
its own displacement is reduced or eliminated, and the dis-
placement of the fixated segment can only be transmitted to 
the upper and lower segments. This results in increased dis-
placement, stress concentration, and increased passive mo-
tion of these segments.

The effect of internal fixation on the intradiscal pressure 
of adjacent segments

Adjacent segmental disc degeneration is an important man-
ifestation of ASD, and the increase in IDP is one of the main 
causes of intervertebral disc degeneration. After multisegment 
rigid fixation, the IDP in the adjacent segment increases due 
to the transmission of stress. This accelerates degeneration 
of the intervertebral disc, resulting in ASD. Zahari et al. [17] 
found that heavy individuals experience greater IDP in posi-
tions of flexion and extension. The persistent increase in pres-
sure compromises the nucleus pulposus of the intervertebral 
disc more easily than the annulus fibrosus. This is one of the 
factors that lead to early degeneration of the disc. A cross-sec-
tional study by Hung et al. [18] of 553 patients with interver-
tebral disc degeneration showed that a high degree of lumbar 
intervertebral stenosis, a high degree of intervertebral disc de-
hydration, loss of intervertebral disc height, and lumbar spine 
degeneration showed a positively correlated dose-response 
relationship with load accumulation in the lumbar spines of 

these patients. In addition, the IDP of the adjacent segments 
increased after fixation [19], and it increased more significantly 
in patients with long fixated segments [20]. The above find-
ings were confirmed in the studies of Nachemson et al. [21] 
and in subsequent studies of human IDP measured in a large 
population [22]. In this study, the IDP of adjacent segments 
trended upward with the increase in external load and in-
creased in long fixated segments with loads of 60 N and above. 
This result explains the cause of the degeneration of the in-
tervertebral discs of adjacent lumbar segments after fixation. 
Metabolic activity and materials exchange in the interverte-
bral disc depend on the intermittent pressure load. When the 
pressure is increased, the outflow of water increases and vice 
versa. Continuous increased pressure affects the water out-
flow and inflow of the intervertebral disc and causes disor-
ders of material exchange of the intervertebral disc, thereby 
resulting in disc degeneration [23].

Suggestions based on the results of this study

Lumbar segmental stability is closely related to degeneration, 
and compromised stability is one of the main factors leading 
to degeneration. The results of this study suggest that, com-
pared with multisegment fixation, short-segment fixation can 
significantly reduce the range of motion and the IDP of adjacent 
segments, and shows that it has the potential to prevent ASD 
in the long term. Degenerative diseases of the lumbar spine 
commonly involve multisegment degeneration, and the seg-
ments adjacent to the lesion often undergo varying degrees of 
degeneration [24]. After rigid internal fixation, the altered phys-
iological stress transmission of the human body significantly 
changes the normal stress transmission of the lumbar spine. 
Because the fixated segment carries most of the load, the load 
on this segment is greatly reduced, and a stress-shielding ef-
fect occurs. At the same time, the increased stress on and in-
creased range of motion of adjacent segments inevitably ag-
gravate the degeneration of the intervertebral discs and the 
facet joints of adjacent segments [25]. Based on this, to re-
duce the incidence of postoperative ASD and to preserve the 
original physiological range of motion of the lumbar spine as 
much as possible, we suggest that the number of fixated or 
fused segments should be minimized when fixation is used 
to treat lumbar degenerative disease. It is appropriate to fix-
ate the lumbar segments that have poor stability; however, 
for stable and acceptable segments, simple decompression 
should be used as a basic standard procedure.

Limitations

This study has certain limitations. First, the isolated goat spine 
was the subject of this study. However, the physiological cur-
vature of the spine in goats and humans is not identical, and 
the vertebral bodies and intervertebral spaces are smaller in 
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goats than in humans. Although the structural changes that 
occur in the lumbar spine under mechanical load may be not 
different, the mechanical load used in this study does not rep-
resent the actual load on the human lumbar spine. In addi-
tion, human lumbar internal fixation is performed on mate-
rial with a relatively complete tissue structure. In contrast, in 
the isolated lumbar spine specimens we selected, the para-
vertebral muscles had been removed. This not only greatly re-
duced the mechanical load the specimen was able to bear, but 
may also have resulted in experimental errors due to damage 
to the intact structure. Furthermore, due to the limitation of 
the experimental equipment, it was very difficult to test the 
ROM of the fixation segment in the actual work. Lastly, vari-
ations in individual goats and errors associated with the ex-
perimental measurements and data conversion may have af-
fected the results of this study.

Conclusions

The results of our biomechanical experiments showed that 
fixation of increasing numbers of lumbar segments resulted 
in progressively greater range of motion and IDP in the adja-
cent segments. Multisegment fixation is most likely the main 
factor contributing to ASD after lumbar fusion. The molecular 
mechanism of ASD after multisegment or long-segment fixa-
tion warrants further study.
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