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Abstract Study Design Biomechanical study.

Objective Posterior instrumentation is used to stabilize the spine after a lumbar
laminectomy. However, the effects on the adjacent segmental stability are unknown.
Therefore, we studied the range of motion (ROM) and stiffness of treated lumbar spinal
segments and cranial segments after a laminectomy and after posterior instrumenta-
tion in flexion and extension (FE), lateral bending (LB), and axial rotation (AR). These
outcomes might help to better understand adjacent segment disease (ASD), which is
reported cranial to the level on which posterior instrumentation is applied.

Methods We obtained 12 cadaveric human lumbar spines. Spines were axially loaded
with 250 N for 1 hour. Thereafter, 10 consecutive load cycles (4 Nm) were applied in FE,
LB, and AR. Subsequently, a laminectomy was performed either at L2 or at L4.
Thereafter, load-deformation tests were repeated, after similar preloading. Finally,
posterior instrumentation was added to the level treated with a laminectomy before
testing was repeated. The ROM and stiffness of the treated, the cranial adjacent, and the
control segments were calculated from the load-displacement data. Repeated-measures
analyses of variance used the spinal level as the between-subject factor and a

Keywords laminectomy or instrumentation as the within-subject factors.
= human lumbar spine  Results After the laminectomy, the ROM increased (+19.4%) and the stiffness
= single-level decreased (—18.0%) in AR. The ROM in AR of the adjacent segments also increased
laminectomy (+11.0%). The ROM of treated segments after instrumentation decreased in FE
= instrumentation (—74.3%), LB (—71.6%), and AR (—59.8%). In the adjacent segments after instrumenta-
= biomechanics tion, only the ROM in LB was changed (—12.9%).
= adjacent segment Conclusions The present findings do not substantiate a biomechanical pathway
disease (ASD) toward or explanation for ASD.
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Introduction

When conservative treatment fails, symptomatic lumbar
spinal stenosis is commonly treated with surgical decom-
pression, often a laminectomy. Previously, it has been shown
in vitro that a laminectomy reduces the threshold at which
shear forces and torsion moments cause spondylolisthesis or
spinal failure."? Furthermore, it was also found that a lam-
inectomy alters biomechanical behavior under submaximal
loading.? In clinical practice, a facet-sparing laminectomy can
cause spondylolisthesis with a reported incidence of 8 to
31%.4° To prevent complications, surgeons often use posteri-
or instrumentation to obtain arthrodesis (i.e., fusion of a
segment by bone formation).®

However, rigid posterior instrumentation has several dis-
advantages associated with its use. The procedure of stabili-
zation itself increases the probability of implant-related
complications, including infection, pseudarthrosis, nerve in-
jury, increased blood loss during surgery, extended surgery
time, and instrumentation failure. Furthermore, the use of
instrumentation significantly increases the costs of surgery,’
especially because early reoperations are more common after
a laminectomy in combination with a spinal fusion.? Finally,
the use of posterior instrumentation has been associated with
adjacent segment disease (ASD).”° ASD is a symptomatic
deterioration of the intervertebral disk adjacent to a previous
fusion and is seen predominantly at the adjacent cranial
levels.'®™" The altered biomechanical behavior of the adja-
cent level, specifically an increased range of motion (ROM)
and a decreased stiffness as evidence of instability, due to the
use of posterior instrumentation at a lower level might
explain the development of ASD.

Previously, we found that the adjacent biomechanical
behavior was not substantially altered by a laminectomy in
flexion-extension (FE), lateral bending (LB), and axial rotation
(AR).2 However, to our best knowledge no literature is avail-
able on the effects of instrumented single-level facet-sparing
laminectomy on the cranial adjacent segments. Therefore, the
aim of this study was to investigate the effects of the
instrumentation on the biomechanical behavior of the adja-
cent segments to biomechanically substantiate the possible
etiology of ASD cranial to the level on which posterior spinal
instrumentation is applied. Furthermore, we assessed to what
extent the posterior instrumentation after a laminectomy
actually restricts motion at the operated spine level.

Methods

Specimens and Specimen Preparation

We included 12 human cadavers (mean age: 82.5 years, range
66 to 91) in this study. The bodies were donated to the
department of anatomy by last will in accordance with the
Dutch legislation and were destined for medical education
and research. Bodies were handled according to the guide-
lines of the anatomy department. None of the deceased
subjects had any history of spinal injury, spinal surgery, or
spinal metastatic disease. The freshly frozen (—20°C) cadavers
were thawed before harvesting the lumbar spines (L1 to L5)
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and the subsequent testing. The excessive soft tissue and
muscle tissue were carefully removed, keeping the anterior
and posterior longitudinal ligaments as well as the facet joints
intact. During the preparation, assessment, and biomechani-
cal testing, specimens were kept hydrated using 0.9% saline-
soaked gauzes. Anteroposterior, lateral, and oblique radio-
graphs (Sedical, Digital Vet. DX-6, Arlington Heights, Illinois,
United States) were made to determine whether the bridging
osteophytes were present in the segments. The lumbar spines
with bridging osteophytes were excluded from this study. The
magnetic resonance imaging (Siemens Symphony 1.5 T,
Syngo MR A30, software NUMARIS/4, Berlin, Germany),
lateral and oblique radiographs, and visual inspection also
confirmed that the facet joints were intact and no fractures of
the pars interarticularis were present in the segments before
the mechanical testing.

After the imaging, the top and bottom vertebrae (L1 and
L5) were potted in a casting mold and partially buried in a low
melting point (48°C) bismuth alloy (Cerrolow-147; 48.0%
bismuth, 25.6% lead, 12.0% tin, 9.6% cadmium, and 4.0%
indium; =Fig. 1). The L1 and L5 vertebral bodies were firmly
fixed into the alloy by adding screws into the vertebral body
prior to submerging in the alloy. The disks were placed
parallel based on the visual inspection. Because the muscle
tissue was thoroughly and carefully removed, the interverte-
bral disk and corresponding end plates were clearly visible.
All the articulating parts were kept free. Markers containing
three LEDs were rigidly fixed with the screws to the casting
mold containing L1 and the anterior surface of the vertebral
bodies of L2, L3, and L4 and to the casting mold in which L5
was mounted.

Biomechanical Testing

The test setup was similar to previous studies.'?”'> The
lumbar spines were placed horizontally in a custom-made
four-point bending device in which FE, LB, and AR were
applied using a hydraulic materials testing machine (Instron,
model 8872; Instron and IST, Norwood, Massachusetts, Unit-
ed States). This setup guarantees equal moments at all levels
of the lumbar spine.

Before testing, a compressive preload of 250 N was applied
for 1 hour. A pure axial compressive force was applied using a
pneumatic cylinder. The axial compression was calibrated
using a load cell (Hottinger Baldwin Messtechnik, Force
Transducer Type C2, Darmstadt, Germany). The amount of
axial preload was chosen to allow for comparison with a
previous work and to mimic physiologic conditions.'?" 1
During the testing, no compressive load was applied to
prevent buckling of the multisegmented spine.'® The loads
were applied up to a moment of 4 Nm at a constant angular
velocity of 0.5 deg/s.'” When a moment of +4 Nm was
measured, the Instron reversed its loading direction until
—4 Nm was reached. Each movement direction was tested for
10 consecutive cycles.'? Force and displacement of the Ins-
tron were recorded and digitized at 100 Hz (Instron Fast Track
2). All the tests were performed at room temperature.

During testing, the motions of the LEDs of the casting mold
containing L1; on the vertebral bodies of L2, L3, and L4; and of
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Fig.1 Biomechanical testing sequence with an untreated lumbar spine (left), alumbar spine after laminectomy (middle), and alumbar spine after
laminectomy and posterior instrumentation (right). Note that laminectomy was performed on L4 (as shown in this figure) in six segments, and in
the other six segments (instrumented), laminectomy was performed on level L2.

the casting mold in which L5 was mounted were recorded by
an optoelectronic three-dimensional movement registration
system with one array of three cameras (Optotrak 3020,
Northern Digital Inc., Waterloo, Ontario, Canada). The
three-dimensional resolution of this system at a distance of
2 mis 0.01 mm. Before testing, the axes of the Optotrak were
aligned with the anatomic axes of the spines. Labview soft-
ware was used for the data acquisition, synchronized with
Instron data. The sampling rate was 100 samples per second.

After the first set of measurements (FE, LB, and AR), a
laminectomy was performed at level L2 of six randomly
chosen lumbar spines and at level L4 of the remaining six
lumbar spines. The cranial adjacent levels (six times segment
L1-L2 and six times segment L3-L4) were studied as well as
the more distant untreated segments (six times segment L4-
L5 and six times segment L2-L3), which were used as a
control group. A laminectomy, analogous to standard clinical
practice, was performed by removing the spinous process and
part of the lamina, leaving the facet joints intact (~Fig. 1).'8
Again, a compressive preload of 250 N was applied for 1 hour.
Thereafter, the lumbar spines were tested again in AR, LB, and
FE for another set of 10 consecutive cycles. Before the last
series of tests, a standard posterior lumbar fusion (PLF) was
performed by placing the pedicle screws and rods (Med-
tronic, CD Horizon Legacy Spinal System, Minneapolis, Min-

nesota, United States) at the level of the laminectomy
(=Fig. 1). The screw placement was assessed on anteropos-
terior and lateral radiographs to confirm the correct position
in the pedicle. No interbody devices were used.

In the first six lumbar spines, a laminectomy was per-
formed three times on L2 and three times on L4, and then the
tests were performed in order A: FE, LB, AR, laminectomy, AR,
LB, FE, instrumentation, FE, LB, AR. In the second six lumbar
spines, a laminectomy was performed three times on L2 and
three times on L4, and the tests were performed in order B:
AR, FE, LB, laminectomy, LB, FE, AR, instrumentation, AR, FE,
LB. The testing order was changed to correct for possible
effects of test sequence.

Data Analysis

Using Instron forces, the dimension of the four-point bending
device, and Optotrak LED displacements, a Matlab (Math-
works, Natick, Massachusetts, United States) computer pro-
gram calculated the load-displacement curves in the loaded
direction for L2 relative to L1, for L3 relative to L2, for 14
relative to L3, and for L5 relative to L4. For each individual test
(FE, LB, and AR), the ROM (degrees) and stiffness (Nm/degree)
of the untreated spines and the spines after a single-level
laminectomy and after subsequent instrumentation were
calculated per motion segment (L1-L2, L2-L3, L3-L4, and
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[4-15) from the load-displacement data. The ROM was
calculated between an applied load of —4 Nm and +4 Nm.
The tenth cycle was used for analysis.'? The stiffness was
estimated by means of a least squares fit of a straight line
through a fitted curve of the load-displacement data with the
slope of the fitted line representing the stiffness. The stiffness
was calculated between —1.0 and +1.0 Nm.

Statistical Methods

The effects of the laminectomy and instrumentation on the
ROM and stiffness were tested using repeated-measures
analysis of variance with the spinal level as the between-
subject factor and the laminectomy or instrumentation as the
within-subject factor. Levels L2-L3 and L4-L5 were consid-
ered as an intervention group with respect to a laminectomy
at 12 and L4, respectively. Levels L1-L2 and L3-L4 were
considered as cranial adjacent for a laminectomy at L2 and
L4, respectively. The control groups consisted of L2-L3 and
[4-15 with respect to a laminectomy at 14 and L2,
respectively.

First, the ROM and stiffness in FE, LB, and AR of the treated,
adjacent, and control segments before and after a laminec-
tomy were compared. Second, the ROM and stiffness in FE, LB,
and AR of the treated, adjacent, and control segments before
and after instrumented laminectomy were compared. A
significance level of 5% was used. The statistical analyses
were performed using SPSS for Mac version 20.0 (SPSS Inc.,
Chicago, Illinois, United States).

Results

An overview of specimen characteristics is presented
in =Table 1. ~Tables 2 and 3 provide an overview of the
effects of a laminectomy and instrumentation on the ROM
and stiffness, respectively. The effects of segment level and
interaction effects with treatment are presented in =Table 4.

The ROM and stiffness in all motion directions of specimen
number 2 (L2-L3 and L3-14) and specimen number 12 (L3-14)
were excluded from analysis due to severely irregular load-
displacement curves, leaving 45 segments to be analyzed. The
data of segments L3-L4 and L4-L5 of specimen number 3 after
instrumentation were excluded due to a loosened marker
attached to the vertebral body of L4. Both the ROM and stiffness
data of these measurements (FE, LB, and AR) were excluded. Due
to a limited ROM of treated segments after instrumentation, the
resultant load-displacement curves were too irregular to accu-
rately define stiffness. Therefore, we did not calculate stiffness at
the instrumented level (as shown with an X in =Tables 3 and 4).
Furthermore, the resultant range of ROM measurements was too
small (<1 degree) in 22 measurements to allow for reliable
assessment of stiffness, which were therefore excluded from the
final analysis. In a few cases, not all 10 cycles were used due to
irregular curves or other errors related to calculation.

Spinal Segments after Laminectomy and after
Instrumented Laminectomy (L2-L3 and L4-L5)
The ROM increased significantly for AR (+19.4%; p = 0.001)
in the segments treated with a laminectomy, although no
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Table 1 Overview of specimens

Specimen Sex Age (y) Laminectomy
1 Female 83 L2
2 Male 76 L2
3 Female 91 L4
4 Female 86 L4
5 Male 82 L2
6 Male 82 L4
7 Male 66 L4
8 Male 72 L2
9 Male 90 L2
10 Male 86 L4
11 Female 86 L4
12 Male 90 L2

significant effects were observed for FE and LB. As for the
ROM, the stiffness after a laminectomy was only affected in
AR (-18.0%; p = 0.005). Again, no significant effects were
found for FE and LB. After instrumentation, the ROM de-
creased significantly in FE (-74.3%; p = 0.001), LB (—71.6%;
p = 0.001), and AR (—59.8%; p < 0.001) compared with after
a laminectomy. The stiffness of instrumented segments was
not calculated, as stated previously.

Adjacent Segments (L1-L2 and L3-14)

The ROM of the adjacent segments in AR increased signifi-
cantly (+11.0%; p = 0.043) after a laminectomy. No signifi-
cant effects on the ROM in FE and LB of the adjacent segments
were observed. After a laminectomy, no significant effects on
the spinal stiffness of the adjacent segments in any of the
three directions were found. Instrumentation caused a sig-
nificant decrease of the ROM of the adjacent segments in LB
(—12.9%; p = 0.025) compared with after a laminectomy. No
significant effects on the ROM in FE and AR were found. The
stiffness of the segments adjacent to the instrumented seg-
ments was not affected in FE, LB, and AR.

Control Segments (L2-13 and L4-L5)

After a laminectomy, the ROM in FE of the control segments
increased significantly (p = 0.043) by 8.6%. In addition, the
stiffness of the control segments in LB was significantly
decreased (—12.2%; p = 0.006). After instrumentation, the
ROM and stiffness of control segments were not different
from after a laminectomy.

Effects of Segment Level

Finally, =Table 4 shows that other than the interaction
between the segment level and a laminectomy in the
control group of AR (p = 0.039), no significant effects of
the segment level or interactions between the treatment
(both laminectomy and instrumentation) and segment
level were found.
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Table 4 Effects of level and interaction effects level x laminectomy and level x instrumentation on ROM and stiffness

Bisschop et al.

Segment level Segment level x | Segment level Segment level x
(p value) laminectomy (p value) instrumentation
(p value) (p value)
Segments ROM ‘ Stiffness | ROM ‘ Stiffness | ROM ‘ Stiffness | ROM ‘ Stiffness
FE
Laminectomy | 5 x L2-L3 and 6 x L4-L5 | 0.414 | 0.665 0.255 | 0.229 0.626 | X 0.545 | X
Adjacent 6 x L1-L2 and 6 x L3-L4 | 0.721 | 0.448 0.516 | 0.325 0.864 | 0.226 0.987 | 0.959
Control 6 x L2-L3 and 6 x L4-L5 | 0.707 | 0.626 0.535 | 0.279 0.716 | 0.701 0.883 | 0.123
LB
Laminectomy | 5 x L2-13 and 6 x L4-L5 | 0.441 | 0.780 0.151 | 0.209 0.594 | X 0.467 | X
Adjacent 6 x L1-L2 and 6 x L3-L4 | 0.576 | 0.291 0.178 | 0.786 0.668 | 0.174 0.165 | 0.195
Control 6 x L2-13 and 6 x L4-L5 | 0.917 | 0.337 0.368 | 0.951 0.935 | 0.548 0.376 | 0.304
AR
Laminectomy | 5 x L2-L3 and 6 x L4-L5 | 0.563 | 0.987 0.249 | 0.979 0.928 | X 0.161 | X
Adjacent 6 x L1-L2 and 6 x L3-L4 | 0.108 | 0.826 0.384 | 0.294 0.189 | 0.850 0.647 | 0.396
Control 6 x L2-13 and 6 x L4-L5 | 0.416 | 0.550 0.039 | 0.387 0.390 | 0.414 0.179 | 0.621

Abbreviations: AR, axial rotation; FE, flexion and extension; LB, lateral bending; ROM, range of motion; X, not analyzed.

Discussion

In the present study, we quantified the effects of a single-level
facet-sparing laminectomy and posterior instrumentation on
the ROM and stiffness of the adjacent spinal segments in 12
fresh frozen human cadaveric lumbar spines. We found that a
laminectomy increases the ROM of both treated and adjacent
segments in AR, although AR stiffness was only decreased at
the treated level. As expected, posterior instrumentation
significantly and substantially decreased the ROM in FE, LB,
and AR, but in adjacent segments only a decrease in LB ROM
was found. The spinal stiffness of the adjacent segments was
unaffected by instrumentation.

Previously, we studied the effects of an uninstrumented
laminectomy on the adjacent biomechanics.? In that study,
we found a significant increase in the ROM at the treated
level after a laminectomy in FE, LB, and AR, ranging from 7
to 12%. Although our current results only statistically
confirmed this effect of a laminectomy for AR (+19.4%;
p = 0.001), the results in FE were comparable but not
significant (+10.1%; p = 0.106), although LB results did
not show this increase (+1.9%; p = 0.416). The differences
between these studies can possibly be explained by the
differences in the state of degeneration between the stud-
ies. Interestingly, in both the present and previous study,
the effects of a laminectomy were most substantial for AR.3
A possible explanation is that a laminectomy disrupts the
integrity of the posterior arch and AR moments are largely
resisted by the arch, whereas the intervertebral disk con-
tributes substantially to resistance against FE and LB.
Similar effects of a laminectomy on AR were previously
described.® The posterior arches of segments L1-L2 and
L3-L4 level are supported by those of the treated segments

(L2-L3 and L4-L5), which could cause a laminectomy at
level L2 or L4 to also increase the ROM and decrease the
stiffness at the cranial adjacent segment, albeit to a lesser
extent. Although changes in the average values in the
present data do suggest such effects to some extent, these
effects were only found to be statistically significant for the
ROM in AR.

In previous work, we elaborated on the question why
significant alterations in the ROM do not always coincide
with significant alterations in the corresponding stiffness.?
We measured the stiffness between —1 Nm and +1 Nm,
which basically represents the neutral zone. We believe
the spinous process, part of the lamina, and the posterior
attached ligaments are most likely either not strained or
strained only within the toe region of their stress-strain
curves. At 4 Nm, these structures would be strained more
substantially and would contribute more to the resistance
against movement.

New in this study was the investigation of the effects of a
single-level lumbar laminectomy and additional instrumen-
tation on adjacent segments. To our best knowledge, only
Cardoso et al and Delank et al investigated the effects of a
laminectomy and instrumentation on adjacent levels.2%?’
However, these authors used different types of (multilevel)
decompressive techniques, such as facetectomy, and per-
formed other (multilevel) constructs, making it difficult to
compare results.

We found that, as expected, instrumentation substantially
reduces the ROM by as much as 60 to 74% at the level at which
instrumentation is used. In addition, instrumentation slightly
but significantly decreased the ROM of the adjacent segment
in LB by 13%, but FE and AR ROM and stiffness in all directions
was unaffected. This result does not seem to offer a
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biomechanical explanation for ASD. However, in this study
we did not investigate the effect of a posterior lumbar inter-
body fusion (PLIF) on the adjacent levels. It is progressively
becoming clear that in particular PLIF and PLF carry a risk of
ASD,"" which is receiving increasing interest among spine
surgeons. ASD is one reason reoperations are necessary and
have a higher incidence in elderly patients.?? The probability
of undergoing a revision surgery for ASD was 5.8% at 5 years
and 10.4% and 10 years postoperatively.22 The prevalence of
ASD requiring reoperation in patients older than 60 years of
age was 21.9% at 10 years postoperatively.22 PLIF procedures
showed significantly lower survival rates than PLF proce-
dures. ASD is often found at the level cranial to the spinal
fusion.'® The exact pathogenesis is not well understood. First,
it has been argued that ASD merely reflects the progression of
the physiologic degeneration to other than the primarily
affected segment.?> Second, it has been suggested that the
application of instrumentation could negatively affect the
spinal stability of the adjacent level, which could speed up the
process of degeneration.?> The first hypothesis does not
explain why mainly the cranial adjacent segment progresses
into a state of degeneration. The second hypothesis is not
supported by the biomechanical results presented here. If
subjects would, in daily life, impose the same amount of total
lumbar motion as before surgery, it is clear that after instru-
mentation, the ROM of adjacent segments would increase.
However, this still does not explain the predominance of ASD
in the segments cranial to the treated segment.

In clinical practice, topping-off procedures are used
with the aim of preventing or slowing down ASD.?* Top-
ping-off procedures combine a rigid fusion with a flexible
pedicle screw system at the cranial adjacent level to pre-
vent ASD.?° In our opinion, these procedures would only be
beneficial when the stability is negatively affected at the
adjacent level. However, in contrast, we found that the
spinal ROM at the adjacent level after instrumentation was
decreased, and the instability coincided with an increase in
the ROM. Apparently, instrumentation not only stabilizes
the treated segment but also supports the posterior arch of
the lower level of the adjacent segment. Therefore, our
results do not support the use of topping-off procedures
to restabilize the adjacent levels after posterior
instrumentation.

One limitation of the present study is that we were not
able to evaluate the distal adjacent levels. The segment
distal to L4-L5 was not included as L5 was our bottom
vertebra. Although data of the segments distal to L2-L3
were available, these included only six segments, two of
which had to be excluded due to irregular load-deforma-
tion curves. Nevertheless, in clinical practice the bio-
mechanical behavior of the cranial adjacent segments has
more relevance.

During the analysis, we found three unexpected significant
results. The ROM in FE of the control segments increased
significantly (p = 0.043) by 8.6%. The stiffness in LB of the
control segments decreased significantly (p = 0.006) after a
laminectomy. These effects may indicate tissue creep due to
the repeated testing or dehydration, which would suggest
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that we slightly overestimated the ROM and underestimated
the stiffness after a laminectomy and even more so after
instrumentation. In addition, a significant (p = 0.039) inter-
action between the segment level and a laminectomy in the
control group of AR was found, for which we can offer no
explanation.

The stiffness was calculated in the neutral zone as this
been hypothesized to be a clinically relevant indicator of
lumbar spine instability.?®?” Other studies determined the
neutral zone as the zone between the points of the largest
changes in flexibility in the load-displacement curve.”® Un-
fortunately, these points could not reliably be detected in too
many curves, as there were often small irregularities in load-
displacement curves, possibly caused by degenerative defor-
mities as a consequence of our aged sample. Consequently, we
decided to measure the stiffness between —1 Nm and +1 Nm
in this study.

The 1-hour, 250-N axial preload applied can only partly
simulate effects of loading due to gravity and muscle forces.
We did not apply axial loading during our test as the
application of compression to a multisegmented spine com-
bined with bending causes buckling.'® Possibly, the short
preload period did not correspond with a daily loading
pattern. Due to losses of fluids in the disk in daily life, the
effects of a laminectomy might be enhanced. We repeated
eachload cycle 10 times, thereby allowing for some visco- and
poroelastic behavior to mimic in vivo loading.'>2?°-3° Further-
more, during daily in vivo loading, the lumbar spine is often
subjected to a combination of different loading directions.
Combined loading of the lumbar spine was not investigated in
this study.

In conclusion, we found that although posterior instru-
mentation stabilizes the segments treated by a laminectomy,
it does not negatively alter adjacent spinal biomechanics (i.e.,
increase the ROM or decrease the stiffness). Based on our
results, the spinal segments cranial to posterior fusion tech-
niques do not become less stable after instrumentation.
Therefore, we postulate that altered biomechanical behavior
due a laminectomy with or without stabilization does not
lead substantial alterations at the adjacent level and therefore
cannot explain ASD.
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