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Abstract

Background : There are no studies about the biomechanical analysis of
lumbar decompression surgery in relation to degenerative changes of
the lumbar spine. Therefore, the purpose of this study was to compare,
by using finite element (FE) analysis, the biomechanical changes of the
lumbar spine in terms of annulus stress and nudeus pressure after two
different kinds of lumbar decompression surgery in relation to disc
degenerative changes.

Methods : The validated intact and degenerated FE models (L2-5) were
used in this study. In these two models, two different decompression
surgical scenarios at L3-4, including conventional laminectomy (ConlLa)
and the spinous process osteotomy (SpinO), were simulated. Therefore, a
total of six models were simulated. Under preloading, 7.5 Nm moments
of flexion, extension, lateral bending, and torsion were imposed. In each
model, the maximal von Mises stress on the annulus fibrosus and

nucleus pressure at the index segment (L3-4) and adjacent segments
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(L2-3 and L4-5) were analyzed.

Results : The ConlLa model and disc degeneration model demonstrated

a larger annulus stress at the decompression level (L3-4) under all four

moments than were seen in the SpinO model and healthy disc model,

respectively. Therefore, the Conla model with moderate disc

degeneration showed the highest annulus stress at the decompression

level (L3-4). However, the percent change of annulus stress at L3-4 from

the intact model to the matched decompression model was less in the

moderate disc degeneration model than in the healthy disc model.

Conclusions : Although the Conla model with moderate disc

degeneration showed the highest annulus stress, the degenerative

models would be less influenced by the decompression technique.

Keywords : lumbar spine, decompression surgery, degenerative changes,

laminectomy, spinous process osteotomy, finite element model
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Chapter 1. Introduction

Several surgical treatments have been introduced for decompression
of lumbar spinal stenosis (LSS), ranging from minimally invasive tech-
niques to traditional laminectomy. Previous studies have shown that
decompression surgery alters the biomechanical behavior of the lumbar
spine.! - 2 Especially, preservation of the continuity of the posterior
ligament complex (PLC) is important in alleviating instability after
decompression surgery .2
Degenerative changes of the lumbar spine also influence spine
biomechanics.® - > Given that all patients with LSS have moderate to
severe degenerative changes, the effect of this degeneration should be
considered for the proper and valid prediction of biomechanical changes
after decompression surgery. The removal of posterior structures for
sufficient decompression might have different biomechanical implica-
tions depending on the degenerative state of the lumbar spine at the

time of surgery.



Although both decompression surgery and degenerative changes can

influence the biomechanics of the lumbar spine, there has been no study

about a simultaneous biomechanical effect of decompression surgery

and degenerative changes. Therefore, we hypothesized that

biomechanical effect of decompression surgery would be different in

relation with degenerative changes. The information about this would be

clinically relevant because this may help the surgeon decide surgical

method for degenerative spinal disease. Therefore, this study aimed to

assess and compare, by using finite element (FE) analysis, the

biomechanical changes of the lumbar spine for annulus stress and

nucleus pressure after two different kinds of lumbar decompression

surgery in relation to degenerative changes of the lumbar spine. Two

different surgical decompression techniques were compared: the spinous

process osteotomy (SpinO) technique, which preserves the PLC but

involves the cutting of the base of the posterior spinous processes, and

conventional laminectomy (Conla), which involves the removal of both



the PLC and the spinous processes.



Chapter 2. Materials and Methods

2.1. FE model of the intact lumbar spine (L2-5)

We made a three-dimensional (3D) nonlinear FE model of the
lumbar spine comprising four lumbar vertebrae, three intervertebral discs,
and the associated spinal ligaments. The geometric outline of the human
lumbar spine (L2-L5) was obtained from high-resolution computed to-
mography (CT) images of a 46-year-old male subject with no spinal
deformities. Although we obtained anatomical information about the
lumbar spine geometry from CT images, a large part of the geography
was altered for specific use in this study. With the respect to mid-sagittal
plane, the geometry was modified to be symmetric. In addition, because
it was difficult to distinguish geometry of the disc nucleus from the CT
image, it was modeled based on the previous literature.® -7 Similarly,
cortical and cancellous bone were also modeled on the basis of the

method from the previous studies.® -7 Furthermore, because the pre-



sent research used existing data and the subjects could not be identified,

our institutional review board approved an exemption for obtaining

informed consent in this study. Digital CT data were imported to a soft-

ware program (Mimics; Materialise Inc,, Leuven, Belgium) that was used

to generate the 3D geometric surface of the lumbar spine. Initial Graphic

Exchange Specification files exported from the Mimics software were

input into Unigraphics NX 3.0 (Siemens PLM Software, Torrance, CA,

USA) to form solid models for each vertebral segment. The solid model

was then imported into Hypermesh 8.0 (Altair Engineering Inc., Troy, M],

USA) to generate FE meshes. In the current FE model, a hexa mesh was

generated over the entire area. The FE model was analyzed with

commercially available software (ABAQUS 6.11-1; Hibbitt, Karlsson and

Sorenson Inc.,, Providence, RI, USA).

Three-dimensional solid elements with homogenous and transversely

isotropic character were used to model the cortical and cancellous cores

and the posterior bony parts of the vertebrae. The nucleus pulposus



(NP) and the ground substance of the annulus fibrosus (AF) were
modeled by using solid elements. The anterior longitudinal ligament,
posterior lon- gitudinal ligament, intertransverse ligament, ligamentum
flawum, capsular ligament, interspinous ligament, and supraspinous

ligament were modeled by using tension-only truss elements (Fig. 1).

S

Cartilaginous Cancellous
endplate bone
Posterior
element
Body
endplate o P Facet joint and

cartilage layer

Fig. 1. The presentintact finite element model.



2.2. Material properties

The material properties were derived from various literature sources
(Table 1).8 -1 The cortical and cancellous regions of the vertebrae were
modeled independently. Because the cortical and trabecular bones in the
posterior region were difficult to differentiate from each other, the
posterior elements were all assigned a single set of material properties.
The AF was modeled as a composite of a solid matrix with embedded
fibers (by using the REBAR parameter) in concentric rings surrounding an
NP, which was considered to be an incompressible solid. Element
members with a hybrid formulation (C3D8H) combined with a low elastic
modulus and large Poisson ratio definitions were applied to simulate the
NP. A hybrid formulation (C3D8H) was also applied for simulation of
ground substance of AF. Eight-node brick elements were used to model
the matrix of the ground substance. Each of the four concentric rings of
the ground substance contained two evenly spaced layers of annulus

fibers oriented at #30° relative to the horizontal plane. The



reinforcement structures of the annulus fibers were represented by truss

elements with modified tension-only elasticity. In the radial direction,

four double cross-linked fiber layers were defined. Those fibers were

bounded by the annulus ground substance and both endplates. In addi-

tion, the elastic strength of these fibers proportionally decreases from

the outermost (550 MPa) to the innermost (385 MPa) layer.1 2+ 13

The articulating facet joint surfaces were modeled by using surface-to-

surface contact elements in combination with the penalty algorithm with

a normal contact stiffness value of 200 N/mm and a friction coefficient

of zero. The thickness of the cartilage layer of the facet joint was

assumed to be 0.2 mm. The initial gap between the cartilage layers was

assumed to be 0.5 mm. The cartilage was assumed to be isotropic and

linearly elastic, with a Young's modulus of 35 MPa and a Poisson's ratio

of 04.1% Spinal ligaments were represented with nonlinear material

properties. The naturally occurring changes in the ligament stiffness

(initially low stiffness at low strains, followed by increasing stiffness at



higher strains) were simulated through a bilinear material designation

(Table 1).
Table 1. Material properties in the present FE models
Poisson’
Component Young’s modulus Cross—section S
(MPa) (mm2) ratio
Cortical bone E. = 11300 Uy =
0.484
E, = 11300 Uy =
0.203
E, = 22000 Uy, =
0.203
Gy = 3800
G, = 5400
G, = 5400
Cancellous bone E. =140 Uy =
0.45
E, = 140 U, =
0.315
EZ = 200 Uy, =
0.315
Gy =48.3
G, =48.3
G, =48.3
Posterior elements | 3500 0.25




Disc

Nucleus Refer to Table 2
pulposus
Annulus (ground | Refer to Table 2
substance)
Annulus fiber 385 — 550
Outermost 550 0.70
Second 495 0.63
Third 440 0.55
Fourth 420 0.49
Fifth 385 0.41
Cartilaginous 24.0 0.40
endplate
Cartilage layer of | 35 0.4
facet joint
Ligaments
Anterior 7.8(<12%) 63.7
longitudinal 20(>12%)
Posterior 10(<11%) 20(>11%) | 20.0
longitudinal
Ligamentum 15(<6.2%) 40.0
flayum 19.5(>6.2%)
Capsular 7.5(<25%) 30.0
32.9(>25%)
Interspinous 10(<14%) 40.0
11.6(>14%)
Supraspinous 8.0 (<20%) 30.0
15(>20%)
Intertransverse | 10(<18%) 1.8

58.7C>18%)

Three-dimensional truss elements were used to simulate ligaments,

which were active only with tension (Fig. 1).
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2.3. Modeling of disc degeneration

A healthy model was modified to simulate a model of moderate
degeneration at the L3-L4, and L4-L5 lumbar segments (Fig. 2).
Degeneration was simulated by decreasing the disc height and nucleus
area, and by modifying the material properties of the annulus ground
substance and the NP The disc height was reduced by 40% for the
moderate disc degeneration models (Table 2) (Fig. 2).1>

Table 2. Material properties for annulus ground substance and

nucleus for healthy and moderate degeneration.

Annulus ground Nucleus pulposus Disc height (mm)
substance
Hyper-elastic | Area Area
Mooney- (mm?2) Young’s | Poisson’s [ (mm2) Anterior Posterior
Rivlin (L3-4 Modulus | ratio (L3-4 (L3-4/L4-5) (L3-4
a | c2 |nas | M /L4-5) /L4-5)
in mid- in mid-
plane plane
Healthy 0.2 0.05 787 / 10 049 636/653 | 138 /145 | 101/78
802
Moderate | 09 0.23 | 1044/ 1.66 04 379/352 83 /87 6.1/47
1103

11 AMETH




This value was assumed on the basis of the grading schemes of a
previous study.! ® The nucleus area was reduced according to the stress
profilometry studies of Adams et al.! 7 The decreased nudeus area was
replaced with elements representing the annulus ground substance so as
to maintain the same disc area. Therefore, disc height decreases and the
cross-sectional area of ground substance of annulus increased with disc
degeneration. Material properties were taken from the literature or

linearly interpolated for moderate degeneration3 1> 18.19  (Table 2).

2.4. Simulation of decompression models

To simulate the SpinO model, the spinous processes of L3 and L4
were osteotomized at their bases in the model of the intact spine (L2-L5),
whereas the interspinous ligaments and supraspinous ligaments between
L3 and L4 were left intact. Then, decompression procedure was
simulated as following. First, partial laminectomy was simulated by

removal of inferior one-third of lamina. Second, the ligamentum flavum

12 A



undemeath L3-4 lamina was removed. Third, partial facetectomy was

simulated by removal of medical one third of facet joint (Fig. 3). This

technique minimized the damage to the PLC.?2°%: 2! To simulate the

Conla model, the distal half of the L3 spinous process was cut along

with the supraspinous and interspinous ligaments between L3 and L4.

This was followed by decompression procedures which was the same to

that in the SpinO model, including partial laminectomy, removal of the

ligamentum flavum of L3-4, and partial facetectomy (Fig. 3).

a. SpinO model b. Conla model
‘) ) =] —
13 ; .-"Ex-r _.‘J_T' E” 'lj-]r: 11]_

o~



Fig. 3. Finite element models with decompressionsurgery. a. Spinous
process osteotomy model (SpinO), b. Conventional laminectomy model

(ConlLa).

2.5. Boundary and loading conditions

Previously validated intact lumbar models with healthy and
moderate disc degeneration were used in this study.?? For model
validation, the biomechanical behaviors of the FE model (range of
motion, intradiscal pressure, and facet contact force) were compared
between the current FE study and previous experimental studies.?3 -2
The experimental and simulated loading protocols were identical. For
four pure moments, the range of motion results were compared with
those of previous in vitro studies by Hartmann et al.?® and Wilke et
al.23 The intradiscal pressure of the current model was compared with
those in an experimental study by Schilling et al.?* The facet contact

force in our model was compared with that in a cadaver study by Wilson

14 3_-3



et al.2> For further validation of the healthy and degeneration models,

the range of motion at the L3-4 segment in the present models were

compared with those of previous studies by Mimura et al. and Rohlmann

et al.?27-28 Furthermore, the results of annulus stress in the

degeneration FE model were compared with those reported by

Rohlmann et al.28 More detailed validation methods were described in

a previous study.?? The second type of loading condition was the load

control protocol. The follower load technique was used to simulate the

vector sum of trunk muscle co-activation by a single internal force vector

that acts tangentially to the curvature of the spine passing through each

segmental center of rotation.2° This “follower” path, tangential to the

curvature of the spine, mimics physiologically relevant compressive loads

on the lumbar spine, as seen in vivo. The 400 N compressive follower

loads were simulated at each motion segment in the model by using a

pair of two-node thermo-isotropic truss elements. The trusses were

attached bilaterally to the cortical shell of the vertebrae at each motion



segment. Each truss spanned the disc space passing through the
instantaneous center of rotation at each motion segment.2? This load
control protocol involved the application of 7.5 Nm flexion, extension,
torsion, and lateral bending pure moments to three lumbar models on

the L2 vertebral body under a 400 N followerload (Fig. 4).

Fig. 4. Loading conditions. a. Flexion moment, b. Extension moment,

16 s e kel )
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c. Torsion moment, d. Lateral bending moment.

To evaluate biomechanical effects of degenerative changes and
decompression surgery, von Mises stress of annulus and disc pressure of
nucleus were compared among the present models under above loading
conditions. The von Mises stress is non-directional scalar and it is the
effective criterion with a single value independent to maximum or
minimum principle stress. The increase of von Mises stress means that
the deformation energy on annulus becomes larger throughout the

overall stress distribution on annulus.

17



Chapter 3. Results

3.1. Model convergence test and model validation

The current healthy and degeneration models have been validated
in were used.?3 27 The calculated intersegmental rotations of the cur-
rent healthy and degenerated FE models were within one standard de-
viation of the average values measured by Mimura et al. and Rohimann
et al.27 - 28 Furthermore, the results of annulus stress in the present FE
models predicted the same trends as those in the study by Rohlmann

et al.2®

3.2. Comparison of maximal von Mises stress in the
annulus stress of the intact, SpinO, and ConLa models

related to disc degeneration under four moments

The main difference of annulus stress among the three models was
noted at the decompression level (L3-4) under exion moments.

Compared with an annulus stress of 0.87 MPa at L3-4 under exion
18 - = TH



moments in the intact healthy model, annulus stresses of 1.36 and 1.72
MPa were noted at the compression level (L3-4) under exion moments in
the healthy SpinO and ConlLa models, respectively. In addition, each
degenerated SpinO and Conla model showed an annulus stress of 2.20
and 2.76 MPa at the compression level (L3-4) under exion moments,
compared with the annulus stress of 1.55 MPa at L3-4 under exion
moment in the intact degenerated model. Under exion moments, both
the SpinO and ConlLa models showed the greatest increase of annulus
stress at the decompression level (L3-4) compared with the intact model
(Fig. 5). The Conla model demonstrated a larger annulus stress under
flexion moments than were seen in the SpinO model. These patterns of
annulus stress were observed in both the healthy and moderate disc
degeneration models (Fig. 5). Furthermore, the annulus stress seen in the
moderate disc degeneration models was larger than that of matched
healthy disc models (Fig. 5). Therefore, the decompression level (L3-4) in

the Conla model with moderate disc degeneration showed the highest

19



annulus stress.

Fig. 5. Maximal von Mises stress in the annulus fibrosus of the intact,
spinous process osteotomy, and conventional laminectomy models
related to disc degeneration under four moments.

a. Healthy disc models, b. Moderate disc degeneration models.

3.3. Comparison of percent changes of annulus stress
from the intact model to the matched decompression
model with both healthy and moderately degenerated
disc

The largest percent increment of annulus stress (approximately 50% -

100%) from the intact model to the matched decompression models

20 ,' ,H S T” L‘:}



with each SpinO and Conla technique was noted at the level of
decompression (L3-4) under the flexion moment, in both the healthy and
moderate disc degeneration models (Fig. 6). The increase in annulus
stress shown under the torsion moment was <10%. In addition, the
Conla models always produced a larger increase in annulus stress than
the SpinO models, regardless of the disc degeneration state (Fig. 6).
However, although annulus stress increased with disc degeneration, the
percent change from the intact model to the matched decompression
models with each SpinO and Conla technique was less in the moderate
disc degeneration model than in the healthy disc model (Fig. 6). There
was a 41.9% and 78.1% increase in annulus stress from the intact model
at L3-4 under the flexion moment in the SpinO and ConlLa models with
moderate disc degeneration, respectively, whereas a 56.3% and 97.4%
increase in annulus stress from the intact model was observed at L3-4
under the flexion moment in the SpinO and Conla models with a

healthy disc, respectively (Fig. 6)

21



L LS | 123 | 134 | 145
extersxon torsion lateral bending

Fig. 6. Percent changes of annulus stress in the intact and
decompression models between the healthy and moderate disc
degenerative models.

a. Healthy disc models, b. Moderate discdegeneration models.

3.4. Comparison of nucleus pressure in the intact,

SpinO, and ConlLa models related to disc degeneration

Decompression models with a healthy disc demonstrated a minimal
increase of intradiscal pressure (0.55 MPa in the SpinO model and 0.58
MPa in the ConLa model) at the level of decompression (L3-4) under the
flexion moment, compared with the intact model (0.54 MPa) with a

healthy disc (Fig. 7). However, in the moderate disc degeneration models,
1 © 1 &
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there was a 66.7% (0.15 MPa) and 100% (0.18 MPa) increase in disc

pressure in the SpinO and Conla models, respectively, at the level of

decompression (L3-4) under the flexion moment, compared with the

intact model (0.09 MPa) with moderate disc degeneration (Fig. 7).

03

- 05
04
i it
uSpm0. = Spwo
F - = Conla
4 | :
0
120 | 13 | Las | 12n | 13w | was |12 | | ous | s | e | s
flexion forsion

a [ was [ 12n | 13 | as
lateral bending b.

extension eral bending

Fig. 7. Nucleus pressure in the intact, spinous process osteotomy, and
conventional laminectomy models related to disc degeneration.

a. Healthy disc models, b. Moderate disc degeneration models.
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Chapter 4. Discussion

The present study shows that the biomechanical influence of both
decompression surgery and disc degeneration occur simultaneously. The
Conla technique almost always led to higher annulus stress than the
SpinO technique, both in the healthy disc and moderate disc
degeneration models. Between the healthy and moderate degeneration
disc models, however, different results were found concerning the
percent increment of annular stress, from the intact model to the
decompression model. Similar to a previous study on decompression
surgery and disc stress?, the annulus stress at the level of
decompression was much higher in the ConLa model than in the SpinO
model, especially under flexion and torsion moments. This is attributable
to the preservation of PLC in the SpinO model.2 Furthermore, these
results were also seen in both the healthy disc and moderate disc
degeneration models. Therefore, the present results suggest that the

preservation of the PLC leads to less disc stress at the decompression

24 A



level in both healthy patients and in those with moderate disc

degeneration. Disc degeneration per se can also influence the

biomechanics of the Ilumbar spine.?2:31.32  Previous studies

demonstrated that disc degeneration increases the internal stress on the

annulus due to the annulus operating upon compression force rather

than tensile force in relation to degenerative remodeling.3! Likewise, in

this study, because annulus stress in itself increased with the

corresponding disc degeneration and with laminectomy, the annulus

stress at the L3-4 decompression level was the highest under the flexion

moment in the ConlLa model with moderate disc degeneration.

Contrarily, because intradiscal pressure is determined by hydrostatic

pressure [33], nucleus pressure is decreased with disc degeneration by

the loss of proteoglycan that occurs with the aging process.?*

Interestingly, the comparison of the percent increment from the intact to

the decompression models between healthy and moderate disc

degeneration showed different findings. The percent change at L3-4

25



from the intact model to the matched decompression model was less in

the moderate disc degeneration model than in the healthy disc model.

This means that the degenerative models would be less influenced by

the decompression technique. This result is attributed to the stabilizing

effect of disc degeneration. In fact, an eardier milestone study by

Kirkaldy-Willis and Farfan described an increase in spinal flexibility for

mild and moderate degenerative scenarios, defined as instability, and a

stiffening only for severe degeneration.> Recent works based on an

extensive database of in vitro experiments contradicted this concept,

thus suggesting that spinal degenerative changes including disc

degeneration generally induces a progressive stiffening of the spinal

segment.24 3> Because the moderate disc degeneration model has

higher stiffness, the effect of removing the PLC would be alleviated in

the moderate disc degeneration models. Therefore, these FE results

suggest that the effects of the technique used for decompression

surgery would be different based on the state of degeneration of the



lumbar spine. These findings correspond well with those of a previous

study that showed that the percent increment of disc stress at the

adjacent segment after fusion decreased with disc degeneration of the

adjacent segment.?2?2 The limitations of this study should be

acknowledged. First, as shown in a previous FE study??, simulation for

degenerative changes was applied only in the disc height and materal

properties of the annulus and nudeus. Because the change of material

properties of all degenerative spinal ligaments was not known

completely, this could not be simulated in the present study. Second, the

present study included a model with moderate disc degeneration. Given

that degenerative lumbar spinal disease represents a wide spectrum of

degeneration, mild or severe disc degeneration should be included in

future research. Third, we did not simulate facet degeneration, which

might be critical for interpretation of the present results. However, to our

knowledge, there has been no study on facet degeneration. Therefore,

future research should include FE modeling with simulation of both disc



and facet degeneration. To summarize, the current model represented
only a certain degree (moderate) of disc degeneration within the wide
spectrum of degeneration with regard to severity and anatomical extent.
Therefore, the present results are valid only for the present model. From
this perspective, the clinical implication and generalizability of the

current results should be cautiously adapted.
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Chapter 5. Conclusions

In  conclusion, the present study at least highlights the
biomechanical impact of degenerative changes of the disc at the
decompression segment, in relation to the decompression technique.
Although the Conla model in the moderate disc degeneration
simulation showed the highest annulus stress, the degenerative models

would be less influenced by the decompression technique.
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