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Abstract
Nucleotomy is a common surgical procedure for the treatment of lumbar diseases. It may accelerate degeneration in the oper-
ated disc and decreased segmental stability, and this has been widely concerned by scholars for many years. However, under 
whole-body vibration, nucleotomy how to affect the vibration characteristics of the lumbar spine and complications is urgent 
to know. A three-dimensional nonlinear osteoligamentous finite element model of the intact L1-sacrum lumbar spine with 
muscles was established, and the nucleus of the L4–L5 disc was removed in the nucleotomy model. The lower surface of the 
sacrum was fully constrained for all models. A 5 Hz, 40 N sinusoidal vertical load supplemented with a 400 N preload was 
applied at L1 to simulate the vertical vibration of the human body. The results showed that nucleotomy increased the dynamic 
responses of the discs such as stress in the annulus ground substance and intradiscal pressure both in the maximum value 
and vibration amplitude. The maximum endplate stresses and corresponding vibration amplitudes of the denucleated L4–L5 
level increased because of nucleotomy. Nucleotomy decreased the maximum response values of disc height and segmental 
lordosis but increased the corresponding amplitudes. Therefore, these findings imply that nucleotomy may increase the risk 
of developing complications such as disc degeneration, adjacent segment disease, endplate degeneration, lumbar instability, 
nerve root compress, isthmic spondylolisthesis, and lumbar disc herniation under whole-body vibration. This study reveals 
insights into the effect of the nucleotomy on the vibration characteristics of the lumbar spine and provides new information 
toward the relationship between nucleotomy and complications.
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1 Introduction

Disc degeneration is one of the most common causes of 
low-back pain and disorders [1]. One of the main mani-
festations of disc degeneration is the loss of the nucleus 
pulposus. Some researchers have reported that the volume 
loss of the nucleus resulting from decreased proteoglycan 
and water concentration leads to early disc degeneration 
[2]. The alteration of the nucleus affect the lumbar disc 
mechanical behavior directly. However, to treat lumbar disc 
herniation and other lumbar diseases, nucleus pulposus has 
to be removed. This operation is called nucleotomy. The 
nucleotomy may change the biomechanical characteristics 
of the lumbar, such as the intradiscal pressure (IDP), the 

stress distributions in the annulus fibrosus, and the endplate 
stress. So it contributes to the degradation, disc prolapse, 
and low back disorders [3, 4].

There have been some valuable researches on the effects 
of the nucleus removal on the biomechanical properties 
of the lumbar spine. A clinical study by Dunlop et al. [5] 
showed that the pressure across the facet joints increased 
when the nucleus was removed. O’Connell et al. [6] con-
cluded that nucleotomy altered the internal radial and axial 
strains of the annulus fibrosus under compressive load in the 
neutral position, which might lead to its damage and micro-
fractures. The research by Adams et al. [7] reported that 
when 17% of the intervertebral discs protrude, 58% of the 
vertebral endplates have ruptured. Some studies concluded 
that nucleotomy increased disc displacement and decreased 
segmental stability [4, 8]. Although many scholars have 
provided valuable experimental and numerical results for 
us to understand the effects of nucleotomy on biomechani-
cal properties of the lumbar spine, most of the studies were 
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carried out under the static loads and without taking into 
account whole-body vibration (WBV). In other words, few 
studies focus on the effects of nucleotomy on the vibration 
characteristics of the lumbar spine under vibration.

The whole-body vibration typically presenting in vehicles 
resulted in spinal disorders [9], low back pain [10], interver-
tebral disc injuries [11], sciatic pain [12], and other lumbar 
diseases. Whether clinical, experimental results or numer-
ous studies have reported that vibration loads produced sig-
nificant increases in stresses, intradiscal pressure, displace-
ment, and degenerative changes in the spine, as compared 
to the static loads [13, 14]. In daily life, the whole-body 
vibration such as driving a car or taking a bus is very com-
mon but inevitable. Therefore, the vibration characteristics 
of the lumbar spine under vibration after nucleotomy have 
deserved more attention. Edward et al. found that the cyclic 
loading resulted in significant and large changes to both 
the stiffness and stress relaxation behaviors [15]. A finite 
element (FE) study by Fan et al. investigated the effect of 
nucleus removal on the biomechanical properties of the lum-
bar spine under vibration and found that the nucleus removal 
increased the dynamic responses such as stress in annulus 
ground substance and intradiscal pressure at all disc levels 
under the axial cyclic loading [16].

Although these previous studies have given valuable 
insights into the effects of nucleotomy on the lumbar spine 
under the cyclic loading, the employed FE models did not 
take into account the muscles. The effect of the nucle-
otomy on the endplates was also not taken into account. 
The purpose of this study was to investigate the effects of 

nucleotomy on the vibration characteristics of the lumbar 
spine using a FE model of L1–sacrum segments with 5 mus-
cle groups, including the effects on the discs and the L4, 5 
endplates, especially regarding complications such as adja-
cent segment disease (ASD), disc degeneration, endplate 
degeneration, lumbar instability, and lumbar disc herniation.

2  Materials and Methods

2.1  FE Modeling

A three-dimensional nonlinear osteoligamentous FE model 
of the intact L1-sacrum lumbar spine was established in 
this study [17, 18]. The geometry of the spine was obtained 
by computer scanning tomographic specimens. The intact 
model consists of vertebrae, endplates, intervertebral discs, 
posterior bony elements, various ligaments, and muscles 
(Fig. 1). Each vertebral body consists of the outer 0.5–1.0 
mm cortical bone and the inner cancellous bone. Interver-
tebral disc is composed of annular matrix, annulus fibro-
sus, and nucleus pulposus. The 0.5 mm endplate is between 
the vertebral body and the intervertebral disc. The annu-
lus ground substance (AGS), consisting of six fiber layers, 
encloses the nucleus pulposus. The Young’s modulus of the 
fiber ring decreases proportionally from the outer layer to 
the inner layer. The ligaments include the anterior longitudi-
nal ligament, posterior longitudinal ligament, supraspinous 
ligament, interspinous ligament, intertransverse ligament, 
ligamentum flavum, and capsular ligament. The lumbar 

Fig. 1  A nonlinear lumbar model with muscle groups
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ligaments are active in tension only. Surface-to-surface con-
tact conditions were applied for the interfaces of facet joints. 
The material properties were assumed to be homogeneous 
and isotropic, the corresponding data were given in Table 1 
[19–23].

The nucleus of the L4-L5 disc was removed to simulate 
the removal of the nucleus in the nucleotomy model. The 
reason for choosing this level is that its prevalence in indi-
viduals suffering from lumbar diseases is greater than other 
intervertebral discs [24, 25].

2.2  Boundary and Loading Conditions

In this study, when a person in a sitting posture was exposed 
to vertical vibration, the load on lumbar spine were the com-
pression load caused by upper body weight and muscle con-
traction and the dynamic load caused by upper body mass 
under vibration condition. To simulate the physiological 
compression load of lumbar spine, a "muscle mode" was 
used to apply the load. The mechanical effects of abdomi-
nal and local muscles, as well as the effect of upper body 
weight, were included in this study. The local muscles in 
this study were identical to those in the study by Shirazi-Adl 
et al. [26] The muscle groups include quadrates lumborum 
(QL), iliocostalis (IC), longissimus (LG), iliopsoas (IP), 
and multifidus (MF). The coordinate, the origin site, and 
the insertion site of the left and right muscles are symmetri-
cal to the sagittal plane. There are 46 muscles in the present 

model. The operation method was cited from the literature 
studies [27, 28].

The physiological compression load of the whole lumbar 
spine caused by abdominal muscle contraction and the upper 
body weight is represented by a 400 N compressive preload 
applied at the superior surface of L1 [29, 30]. When a person 
was in a sitting posture, the load on the lumbar spine was 
mainly borne by the lumbar vertebrae and the intervertebral 
disc, and the lumbar muscles only play the role of maintain-
ing lumbar balance. Relevant literature found that the lumbar 
muscles were relatively relaxed at this time, and the muscle 
activity was small [26]. The contractions of the 5 muscu-
lar groups were along the lumbar column to stabilize the 
lumbosacral column [27]. The forces of muscles were cited 
in the literature studies, and some published studies have 
adopted this loading mode [26, 27, 31], the corresponding 
data were given in Table 2.

Meanwhile, a 5 Hz, 40 N sinusoidal vertical load, which 
is considered to be the main cause of human vibration in 
many vehicle transportations [13, 32], was applied to the 
upper surface of L1 to simulate the vertical vibration of the 
human body. A 40 kg mass point was designated to the top 
of L1 to simulate the effect of body mass on the lumbar 
spine [33–35]. The lower surface of the sacrum was fully 
constrained for all models in all directions throughout the 
simulation process. In this study, the accuracy of the grid has 
been verified. The element geometry adopted in this model 
completely met the elements’ quality criteria [36]. Abaqus 
6.14(Dassault Systemes Simulia Corp) was used to analyze 

Table 1  Material properties of the finite element model

Component Element type Young’s Modulus (MPa) Poisson’s Ratio Density  
(e-6 kg/mm3)

Cross-sec-
tional Area 
 (mm2)

Bone
Cancellous bone C3D4 100 0.2 1.1
Cortical bone C3D8 12,000 0.3 1.7
Posterior bone C3D4 3500 0.25 1.4
Endplate C3D8 500 0.25 1.2
Intervertebral disc
Nucleus pulposus C3D8 1 0.49 1.02
Annulus ground substance C3D8 4.2 0.45 1.05
Annulus fibers T3D2 357–550 0.3 1.0
Ligaments
Anterior longitudinal T3D2 7.8(< 12.0%) 20.0(> 12.0%) 1.0 63.7
Posterior longitudinal T3D2 10.0 (< 11.0%) 20.0 (> 11.0%) 1.0 20
Capsular T3D2 7.5(< 25.0%) 32.9 (> 25.0%) 1.0 30
Intertransverse T3D2 10.0(< 18.0%) 58.7 (> 18.0%) 1.0 1.8
Interspinous T3D2 10.0 (< 14.0%) 11.6 (> 14.0%) 1.0 40
Supraspinous T3D2 8.0 (< 20.0%) 15 (> 20.0%) 1.0 30
Ligamentum flavum T3D2 15.0 (< 6.2%) 19.5 (> 6.2%) 1.0 40
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the stress in AGS, the IDP, the displacement of disc, seg-
mental lordosis, disc height, the stress in endplates of the 
denucleated L4–L5 level. The results were periodic, and a 
more representative period of 0–1.0 s was chosen from the 
entire vibration process (2 s) in this study.

3  Results

3.1  Validation of the FE Model

In this paper, based on the existing in  vitro cadaveric 
experiments and numerical analysis, the L1-sacrum spine 
FE model was verified. Renner et al. [37] presented the 
compressive deformation of the lumbar spine under 1200 
N follower load, the range of motion of the lumbar spine 
under the flexion and extension moments of 8 and 6 Nm, 

respectively, with 800 N follower load, and the range of 
motion of the lumbar spine under ± 6Nm left–right lateral 
bending moment. Dreischarf et al. [38] presented IDP of the 
lumbar spine under 7.5 Nm flexion moment with 1175 N fol-
lower load, 7.5 Nm extension follower load with 500 N fol-
lower load, and 7.8 Nm lateral bending moment with 700 N 
follower load. The present model results were in good agree-
ment with these published results. The developed model can 
be used for further analysis. The detailed model verification 
results are shown in Table 3.

3.2  Effect of Nucleotomy on the Intervertebral Discs

For the intervertebral discs, the IDP, Von-Mises stress in 
the annulus, and displacement were assumed to be the aver-
age values in the elements. It was observed in Fig. 2 that 
the nucleotomy model increased the maximum values and 

Table 2  Forces of the 5 Muscle 
Groups at the Different Levels

IP Muscle Group MF Muscle Group LG Muscle Group IC Muscle Group QL Muscle Group

Ver-
tebral 
Level

Muscle 
Force 
(N)

Ver-
tebral 
Level

Muscle 
Force 
(N)

Ver-
tebral 
Level

Muscle 
Force 
(N)

Ver-
tebral 
Level

Muscle 
Force 
(N)

Ver-
tebral 
Level

Muscle 
Force 
(N)

L1 1.3 L1 11.2 L1 0.1 L1 10.0 L1 0.2
L2 0.5 L2 11.1 L2 0.1 L2 12.3 L2 1.0
L3 5.8 L3 9.2 L3 1.1 L3 15.6 L3 1.1
L4 13.5 L4 0.0 L4 50.6 L4 86.9 L4 0.0
L5 10.0 L5 6.9 L5 53.4 – – – –

Table 3  Comparison of the 
results for the present study 
with the experimental data of 
Renner et al. [37] and numerical 
results of Dreischarf et al. [38] 
under static loading conditions

FLX, flexion; EXT, extension; LAT, lateral bending; FL, follower load; ROM, range of motion

Loading condition Chosen parameters Spinal levels

L1-L2 L2-L3 L3-L4 L4-L5

1200 N FL
Renner et al Compression (mm) 1.20 ± 0.30 1.50 ± 0.80 1.50 ± 0.50 1.6 0 ± 0.50
Present study Compression (mm) 1.13 1.37 1.55 1.43
 + 8/-6 Nm FLX-EXT with 800 N FL
Renner et al Segmental ROM (deg) 5.7 ± 2.7 6.4 ± 1.5 8.30 ± 2.1 10.0 ± 2.8
Present study Segmental ROM (deg) 4.33 4.97 6.15 7.33
 ± 6 Nm left–right LAT
Renner et al Segmental ROM (deg) 10.5 ± 5.6 12.3 ± 6.7 8.4 ± 2.9 10.0 ± 3.0
Present study Segmental ROM (deg) 10.1 8.53 6.32 8.45
7.5 Nm FLX with 1175 N FL
Dreischarf et al Intradiscal pressure (MPa) 1.8 ± 0.1 1.5 ± 0.4 1.3 ± 0.3 1.3 ± 0.3
Present study Intradiscal pressure (MPa) 1.72 1.63 1.43 1.42
7.5 Nm EXT with 500 N FL
Dreischarf et al Intradiscal pressure (MPa) 0.6 ± 0.4 0.5 ± 0.3 0.5 ± 0.4 0.5 ± 0.4
Present study Intradiscal pressure (MPa) 0.49 0.66 0.69 0.73
7.8 Nm LAT with 700 N FL
Dreischarf et al Intradiscal pressure (MPa) 0.7 ± 0.3 0.7 ± 0.4 0.6 ± 0.3 0.6 ± 0.4
Present study Intradiscal pressure (MPa) 0.58 1.04 0.83 0.89
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the amplitudes of the stress in AGS and IDP. The most sig-
nificant increase was at the denucleated L4–L5 level. The 
maximum value of the stress in AGS increased from 0.324 
to 0.522 MPa, and the vibration amplitude increased from 
0.101 to 0.191 MPa. The displacement is the main index 
to reflect the stability of the lumbar. It was found from the 
displacement nephogram of the intact and nucleotomy 
models (Fig. 3a, b) that nucleotomy increased the high-
displacement region both in the anterior–posterior (A–P) 
and the axial displacement. The displacement nephogram of 
the discs showed that the nucleotomy model increased the 
high-displacement region in the A-P and axial displacement 
compared with the intact model (Fig. 3c, d).

It was observed in Fig. 4 that the nucleotomy model 
increased the maximum A-P and axial displacement of 
L1–L2, L2–L3, and L3–L4 discs. For example, the A-P 
displacement of L1–L2, L2–L3, and L3–L4 discs were 
5.38, 3.19, and 1.25 mm for the intact model, 5.63, 3.34, 
and 1.27 mm for the nucleotomy model. The axial dis-
placement of the L1–L2, L2-L3, and L3–L4 discs were 
− 3.47, -2.6, and -1.88 mm for the intact model, − 3.74, 
− 2.9, and − 2.21 mm for the nucleotomy model. The “-” 
indicates the displacement direction. The A-P and axial 
displacement amplitudes of the L1–L2 and L2–L3 discs 
were increased (A–P: 0.044 and 0.144 mm for the intact 

model, 0.075 and 0.156 mm for the nucleotomy model; 
Axial: 0.056 and 0.457 mm for the intact model, 0.631 and 
0.522 mm for the nucleotomy model).

3.3  Effect of Nucleotomy on the Endplates 
of the Denucleated level (L4‑L5)

The intervertebral disc and endplate interact with each 
other. The endplates of the denucleated level were very 
vulnerable to injury because of the nucleus removal. The 
dynamic response of the stress in the L4–L5 endplates 
indicated that the nucleotomy model increased the end-
plate stress during the entire vibration simulation process 
compared to the intact model (Fig. 5a, b). The maximum 
stresses in the L4 inferior endplate of the nucleotomy 
and intact model were 0.298 and 0.246 MPa, and these 
in the L5 superior endplate were 0.295 and 0.262 MPa 
(Fig. 5c). Similarly, the vibration amplitudes of the L4–L5 
endplates stresses in the nucleotomy model were greater 
than these in the intact model. The vibration amplitudes 
of the L4–L5 endplates were 0.049, 0.054 MPa for the 
nucleotomy model, and 0.042, 0.046 MPa for the intact 
model (Fig. 5d).

Fig. 2  The dynamic responses of the discs. a Maximum values of the stress in AGS b Vibration amplitudes of the stress in AGS c Maximum 
values of the IDP d Vibration amplitudes of the IDP
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Fig. 3  The displacement distributions of the lumbar and disc (Left: 
the intact model, Right: the nucleotomy model) a A–P displacement 
distributions of the lumbar model in the intact and nucleotomy model 
b Axial displacement distributions of the lumbar model in the intact 
and nucleotomy model c A–P displacement distributions of the discs 

in the intact and nucleotomy model when the step time (ST) was 0.00, 
0.15, and 1.00 s d Axial displacement distributions of the discs in the 
intact and nucleotomy model when the step time (ST) was 0.00, 0.74, 
and 1.00 s
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3.4  Effect of Nucleotomy on the Disc Height 
and Segmental Lordosis at the Denucleated 
L4–L5 Level

The disc height and segmental lordosis are essential 
indexes reflecting the performance of lumbar and related 
to complications. A disc height measurement method 
(Fig. 6a) as reported by Drain et al. [39] was adopted 
in this study. Segmental lordosis was only measured at 
the denucleated L4-L5 level. It was found in Fig. 6 that 
nucleotomy decreased the disc height and segmental lor-
dosis during the entire vibration process. The nucleotomy 
model decreased the maximum values of the disc height 
and segmental lordosis compared with the intact model. 
However, it increased their vibration amplitudes. The 
maximum disc height and the vibration amplitude was 
0.3046, 0.0035 for the intact model, and 0.2957, 0.0054 
for the nucleotomy model. The maximum segmental lor-
dosis and the vibration amplitude, were 15.69°, 0.09° for 
the intact model, and 15.60°, 0.11° for the nucleotomy 
model.

4  Discussion

The effects of nucleotomy on the lumbar spine have been 
widely investigated, but most researches were only under 
the static load. The studies on the dynamic characteristics of 
the nucleotomy lumbar spine were rare and without taking 
into account the muscle. Therefore, this study researched 
the effects of nucleotomy on the vibration characteristics of 
the lumbar spine using a non-linear L1–L5 lumbar spine FE 
model with 5 muscle groups to investigate the relationship 
between nucleotomy and complications under the WBV. The 
dynamic characteristics of the lumbar spine such as IDP, 
the stress in AGS, disc displacement, and endplate stress 
were analyzed in this study. Some essential indexes related 
to complications were analyzed as well.

It is universally acknowledged that WBV may increase 
the risk of lumbar spine injury compared with static load. 
Nucleotomy decreased the strength and stability of the lum-
bar spine a relatively fragile and neuro sensitive site. The 
nucleotomy lumbar spine is more affected by the vibration. 
The vibration mode (a vertical sinusoidal vibration load of 

Fig. 4  a Maximum values of the A–P displacement b Maximum values of the axial displacement c Vibration amplitudes of the A-P displace-
ment d Vibration amplitudes of the axial displacement
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40 N, 5 Hz) cited from some published studies was used in 
this study [13, 40].

It was demonstrated that the high stresses and strains 
might exacerbate the degeneration of spinal components 
and lead to various spinal disorders [41, 42]. The dynamic 
characteristics of the discs showed that the nulceotomy 
increased maximum values and vibration amplitudes of the 
IDP and stresses at all disc levels, especially the denucle-
ated level (L4–L5). A FE study predicted the same trend 
that the nucleotomy increased dynamic responses of strain 
and stress to the vertical vibration load at the denucle-
ated and the adjacent lumbar discs [17]. Moreover, for the 
L1–L3 adjacent discs, the nucleotomy increased not only 
the maximum values of the A–P and axial displacement but 
also their amplitudes. The results were consistent with the 
research of Frank et al. [8]. They reported that the nucle-
otomy increased the disc displacement, whereas the dis-
placement zenith migrated posterolaterally. The analysis is 
as follows. The load was shared by the whole lumbar spine, 
vertebral bodies, and intervertebral discs, as shown in Fig. 7. 
The nucleotomy decreased the strength of the L4-L5 disc. 
The denucleated L4-L5 disc generated a greater dynamic 
response under vibration. The discs were the buffer areas for 
the vibration energy. The ability of the denucleated L4–L5 

disc withstanding vibration energy is reduced. The vibration 
energy shared by the other discs (L1–L2, L2–L3, L3–L4, 
and L5–S1 discs) were increased in the nucleotomy model. 
These findings imply that the nucleotomy may increase the 
risk of ASD, disc degeneration, and lumbar disc herniation 
under WBV.

There was a high direct correlation between the end-
plate and the disc, and they interact with each other [43]. 
The research by Gruber et al. [44] reported that the sites 
of prominent disc degeneration evident on radiographs, the 
proportion of abnormalities in surface smoothness, margin 
irregularity, and endplate thickening were all statistically 
significant. In the current research, the nucleotomy model 
increased the L4 inferior and L5 superior endplate stresses 
during the entire simulation process compared to the intact 
model. The amplitudes of the L4 inferior and L5 superior 
endplate stresses were higher in the nucleotomy model 
than in the intact model. This result was consistent with the 
research of Zhu et al. [45] that removing the nucleus may 
increase the stress at the interface between disc and verte-
bra. Based on our results, we believe that nucleotomy may 
increase the risk of endplate degeneration or injury.

Loss of disc height and lordosis may result in some com-
plications, such as low back pain, nerve root compress, ASD, 

Fig. 5  Dynamic response of the von-Mises stress in a L4 inferior endplate and b L5 superior endplate for the models. c Maximum values of the 
Von-Mises stress d Vibration amplitudes of the Von-Mises stress
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and isthmic spondylolisthesis [46–48]. The maximum disc 
height and segmental lordosis of the nucleotomy model dur-
ing the vibration simulation process were lower than the 
intact model. The corresponding vibration amplitudes were 
higher in the nucleotomy than in the intact model. Some 
studies predicted the same trends for the nucleotomy using 
clinical analysis. They found that the nucleotomy may result 
in decreased disc height under the axial compression [3, 49]. 
When the load was on the top of the L1, there was the height 
difference (Δh) between the nucleotomy model and the 
intact model, as shown in Fig. 7. The stiffness of the L4-L5 
disc was reduced because of the nucleotomy. So the nucle-
otomy model was prone to lumbar instability and exhibited 
a higher dynamic response (as the results illustrated). Based 
on our findings, we believe that the nucleotomy model may 
cause lumbar instability and have a higher risk of develop-
ing complications such as nerve root compress, ASD, and 
isthmic spondylolisthesis during WBV.

There are some potential limitations inherent in this study. 
The material properties, including non-linear behavior of 
the spinal ligaments, degenerative changes caused by osteo-
phytes, and sclerosis may be neglected. But the neglected 
details had little effect on the spine. And our results were 
consistent with the in vitro experiments confirm the reality 

Fig. 6  The dynamic response of 
a disc height and b segmental 
lordosis at L4–L5 denucleated 
level for models. Segmental 
lordosis: the angle represented 
by green arc

Fig. 7  The schematic diagrams to illustrate the load-transferring 
mechanism of the intact and nucleotomy models at the denucleated 
(L4–L5) level
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of our spine FE model. A 400 N pressure preload applied to 
the model cannot entirely replace the complex contribution 
of abdominal muscle and the upper body weight to the spine. 
In this study, we focus on the dynamic characteristics of the 
lumbar spine under vertical vibration. Therefore, we ignore 
the mass distribution of the upper body and adopt a mass 
point on the spine model to simulate the human body mass.

5  Conclusions

The effects of nucleotomy on the vibration characteristics 
of the lumbar spine were studied to analyze the relation-
ship between nucleotomy and complications under WBV. 
The results showed that nucleotomy may increase the risk of 
developing complications such as disc degeneration, ASD, 
endplate degeneration, lumbar instability, nerve root com-
press, isthmic spondylolisthesis, and lumbar disc herniation 
under WBV. This study reveals insights into the effect of the 
nucleotomy on the vibration characteristics of the lumbar 
spine and provides new information toward the relationship 
between nucleotomy and complications.
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