European Spine Journal (2023) 32:1358-1366
https://doi.org/10.1007/500586-023-07587-7

ORIGINAL ARTICLE q

Check for
updates

The effect of various options for decompression of degenerated
lumbar spine motion segments on the range of motion:
a biomechanical in vitro study

Sara Lener'® . Werner Schmélz? - Anto Abramovic' - Patrick Kluger® - Claudius Thomé’ - Sebastian Hartmann'

Received: 10 February 2022 / Revised: 16 January 2023 / Accepted: 5 February 2023 / Published online: 24 February 2023
© The Author(s) 2023

Abstract

Background Lumbar spinal stenosis is a common disease in the aging population. Decompression surgery represents the
treatment standard, however, a risk of segmental destabilization depending on the approach and extent of decompression
is discussed. So far, biomechanical studies on techniques were mainly conducted on non-degenerated specimens. This bio-
mechanical in vitro study aimed to investigate the increase in segmental range of motion (ROM) depending on the extent
of decompression in degenerated segments.

Methods Ten fresh frozen lumbar specimens were embedded in polymethyl methacrylate (PMMA) and loaded in a spine
tester with pure moments of +7.5 Nm. The specimens were tested in their intact state for lateral bending (LB), flexion/
extension (FE) and axial rotation (AR). Subsequently, four different decompression techniques were performed: unilateral
interlaminar decompression (DC1), unilateral with "over the top" decompression (DC2), bilateral interlaminar decompression
(DC3) and laminectomy (DC4). The ROM of the index segment was reported as percent (%) of the native state.

Results Specimens were measured in their intact state prior to decompression. The mean ROM was defined as 100%
(FE:6.3+2.3°; LB:5.4+2.8°; AR:3.0+1.6°). Interventions showed a continuous ROM increase: FE (DC1:+4% +4.3;
DC2:+4%+4.5; DC3: +8% +8.3;DC4: +20% + 15.9), LB(DC1: +4% +6.0; DC2: +5% +7.3; DC3: +8% +8.3; DC4: + 1
1% +9.9), AR (DC1:4+7%+6.0; DC2: +9% +7.9; DC3: + 15% +11.5; DC4: + 19% + 10.5). Significant increases in ROM
for all motion directions (p <0.05) were only obtained after complete laminectomy (DC4).

Conclusion Unilateral and/or bilateral decompressive surgery resulted in a statistically insignificant ROM increase, whereas
complete laminectomy showed statistically significant ROM increase. If this ROM increase also has an impact on the clini-
cal outcome and how to identify segments at risk for secondary lumbar instability should be evaluated in further studies.

Keywords Lumbar spinal stenosis - Degenerative disc disease - Secondary lumbar instability - Decompressive surgery -
Biomechanical testing - Range of motion

Background

Lumbar spinal stenosis (LSS) is a common disease of the
aging population and therefore implies a growing socioeco-
nomic importance. [1, 2] Typical symptoms include low
back pain, radiating pain and neurogenic claudication with
B Sara Lener significant impact on mobility and quality of life. LSS often
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over conservative treatment. [3—5] Regarding the surgical
management, a decompression of the LSS is known to be
the standard procedure. [6] The interlaminar approach is the
most commonly used technique in case of a unilateral central
or lateral recess stenosis. This approach allows a laminotomy
to resect the flava ligaments by preserving as much as pos-
sible of the lateral facet joint. In case of a bilateral central
or lateral recess stenosis, a unilateral interlaminar approach
with “over the top”” decompression or a bilateral interlaminar
approach might be mandatory. [7] In special cases, laminec-
tomies with additional bilateral facetectomies of the affected
segments may also be an option.

From a surgical point of view, the resection margin is
increasing from a unilateral to a bilateral interlaminar
decompression and reaches the greatest extend for a lami-
nectomy. Extensive decompression of neural structures car-
ries some well reported disadvantages, such as extensive
muscle trauma and the risk for secondary lumbar instability
(SLI), contributing a poor outcome in up to 50% of patients.
[7, 8] So far, biomechanical studies on decompression tech-
niques were mainly conducted on non-degenerated speci-
mens. [9-12].

In the past, lumbar laminectomy was described as the
gold standard. Currently, however, unilateral or bilat-
eral decompression and the ultimately established unilat-
eral decompression with undercutting from the ipsilateral
approach-related side to the contralateral side are considered
as the gold standard due to the preservation of the dorsal
midline structures. [13] This biomechanical in vitro study
aimed to investigate the increase in segmental range of
motion (ROM) depending on the extent of a decompres-
sion in degenerated segments and not the effect of degen-
eration on the segmental ROM, which was investigated in
former studies [14—16]. The hypothesis of the study was
that a unilateral decompression and ipsilateral plus over the
top decompression does not cause a significant increase in
ROM in degenerated segments, while a laminectomy results

in a significant increase in ROM of degenerated segments.
Additionally, we wanted to observe, if in some specimens, a
decompression causes an abnormal ROM increase.

Material and methods
Specimens

For this study from a pool of 24 fresh frozen human lum-
bar spines, twelve specimens with at least one degenerated
segment indicated for decompression surgery were selected
by an experienced spinal surgeon (PK). During testing, two
specimens developed fractures (one spinous process frac-
ture and one sacrum fracture) and had to be excluded. The
remaining ten specimens for data evaluation had a mean
age of 73 (£ 7.7 years and a male-to-female ratio of 4:1)
(Table 1). Each specimen was composed of four vertebral
bodies and three intervertebral discs. A preoperative quan-
titative Computed Tomography (qCT) scan (General Elec-
trics, Lightspeed VCT 16) was used to evaluate and quantify
the progress of degeneration according to Weishaupt et al.
[17]. (Table 2) The segment to be decompressed was chosen
according to its grade of degeneration. In case of multilevel
degeneration, the level with the highest grade of degenera-
tion was chosen as index level to be decompressed and if
possible, specimen length was adapted to allow for a cranial
and caudal adjacent segment (Table 1). Specimens were kept
frozen and vacuum sealed in plastic bags. For preparation,
specimens were thawed overnight at 6 °C and all soft tissue
was removed, whereas ligaments, joint capsules and other
supporting tissue were preserved. The upper half of the cra-
nial vertebra and the lower half of the caudal vertebra were
embedded in polymethyl methacrylate (PMMA) (Techno-
vit 3040, Heraeus Kulzer GmbH, Wehrheim, Germany).
Flanges to mount the specimens in the spine simulator were
affixed at the cured PMMA cranially and caudally. At the

Table 1 Characteristics of

) Specimen Sex (ratio Age in year Index segment Specimen length Grade of
specimens used. Values are 8:2) (73.0+7.7) degenera-
stated as mean =+ standard tion
deviation

S1 m 81 L4-5 L3-S1 1
S2 m 66 L34 L2-5 2
S3 m 78 L34 L2-5 2
S4 m 73 L34 L2-5 2
S5 f 73 L4-5 L3-S1 2
S6 m 81 L5-S1 L3-S1 3
S7 f 73 L5-S1 L3-S1 1
S8 m 55 L4-5 L3-S1 3
S9 m 74 L5-S1 L3-S1 2
S10 m 76 L3-4 L2-5 3
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Table 2 Grading of degeneration according to the classification of degenerative osteoarthritis of the lumbar facet joints published by Weishaupt

etal. [17]

Grade Definition of degeneration

Grade 0  Normal facet joint space [2—4 mm width]

Grade |  Narrowing of the facet joint space (<2 mm) and/or small osteophytes and/or mild hypertrophy of the articular process

Grade2  Narrowing of the facet joint space and/or moderate osteophytes and/or moderate hypertrophy of the articular process and/or mild
subarticular bone erosions

Grade 3  Narrowing of the facet joint space and/or large osteophytes and/or severe hypertrophy of the articular process and/or severe subar-

ticular bone erosions and/or subchondral cysts

ventral side of the vertebrae, a motion analysis system (Win-
biomechanics, Zebris, Isny, Germany) was fixed to measure
the segmental ROM in a six degree of freedom spine tester.

Surgical technique

Four different extents of a decompression with increasing
bone removal as well as ligamentous structures were per-
formed. After the fourth decompression, the decompressed
segment was stabilized with a posterior pedicle screw sys-
tem (Verticale, Silony Medical, Germany; 6.2 X 45 mm or
6.25 x50 mm screws and 5,5 mm titanium rods).The four
decompressions encompassed the following structures and
were carried out with standard surgical instruments in the
hands of trained neurosurgeons (SL, SH).

Mild decompression (DC1)

The interlaminar window was unilaterally enlarged by drill-
ing the cranial and caudal lamina in a crescent shape. The
yellow ligament was bluntly dissected at its cranial transition
zone was removed in a craniocaudal technique. The lateral
bony decompression including the facet joint was kept as
small as possible to minimize the risk for iatrogenic instabil-
ity according to the normal decompression procedure in a
“real-life scenario”. The decompression was accomplished
as the ipsilateral traversing nerve root was fully visible and
no recessal compression was identified. (Fig. 1; DC1).

Medium decompression (DC2)

Starting from the aforementioned unilateral approach, the
operating angle was adjusted, and the spinous process was
undercut with a high speed drill. An “over the top” decom-
pression according to the proposed technique of Spetzger
et al. [18] was performed by drilling the contralateral lamina
until the contralateral transition zone of the yellow ligament
could be identified. The contralateral ligament was left
intact, so that a subflaval recessal decompression with pres-
ervation of the contralateral facet joint was accomplished.
(Fig. 1; DC2).
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Fig.1 Four consecutively performed extents of decompression. DC/
unilateral interlaminar decompression, DC2 unilateral approach with
“over the top” decompression, DC3 bilateral interlaminar decompres-
sion, DC4 laminectomy

Large decompression (DC3)

The contralateral interlaminar window was enlarged by drill-
ing the remaining laminae in a crescent shape. The yellow
ligamentum was bluntly dissected and removed in the same
fashion as on contralateral side. The lateral bony structures
were spared as much as possible, until the traversing nerve
root was fully identified and no compression of the dural sac
or the traversing nerve root was present. The interspinous
ligament was preserved during the hole procedure. (Fig. 1;
DC3).

Full decompression (DC4)

The spinous process was removed with a Luer bone rongeur,
and the remaining parts of the adjacent cranial and caudal
laminae as well as remaining soft tissue were removed with
a Kerrison punch, so that a one-level laminectomy with an
increased craniocaudal undercutting was performed. (Fig. 1;
DC4).
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Biomechanical testing

The order of experimental steps can be seen in Table 3.
Range of motion (ROM)/flexibility tests were carried out
in a six degrees of freedom spine tester (Fig. 2) in flexion/
extension (FE), lateral bending (LB) and axial rotation (AR)
with pure bending moments of +7.5 Nm according to the
recommendation for testing of spinal implants. [18] Due to
the experimental setup with pure moment loading, we did
not apply an additional shear loading and therefore did not
measure translations. The spine tester is equipped with a six-
component load cell with feedback control and is connected
to a stepper motor to control the loading of the specimens
with pure moments. The intersegmental motion was meas-
ured using an ultrasound-based 3D motion analysis system
(Winbiomechanics, Zebris, Isny, Germany) affixed to the
ventral side of the vertebral bodies of the decompressed and
adjacent segment. All flexibility tests were carried out at
room temperature and the specimens were kept moist for the
duration of the testing.

Statistics and data evaluation

ROM was evaluated from each tested state (intact, DC
1-4, instrumented) from the hysteresis curves. Values are
expressed by mean + standard deviation (SD). The Kol-
mogorov—Smirnov test was used for testing normal distribu-
tion. The unpaired Student's ¢ test was performed to analyze
differences in characteristics and variables. Furthermore,
a paired ¢ test was performed to analyze for differences
between the native state and sequential decompressions.
A Bonferroni correction was made to correct for multiple
testing. A p value <0.05 was considered as statistically
significant. All statistical evaluations were performed with
SPSS Version 21.0 (IBM Corp. Released 2012. IBM SPSS
Statistics for Mac OS X, Version 21.0, NY: IBM Corp.).
Figures and tables were designed using Microsoft Excel
(Version 15.36 for Mac OS X, Microsoft Corporation 2017,
Redmond, USA).

Table 3 Order of experimental steps performed

Fig.2 Exemplary picture of the spine tester with 6° of freedom; three
in translation (green) and three in rotation (yellow). With a stepper
motor and cable cords, the bending moment (red) can be applied to
the specimens. A 6-component load cell measures the deformation
during motion, and the sensors of the 3D motion analysis system are
mounted on the ventral side of the PMMA blocks

Results
Specimens

The radiographic grading of the individual degeneration
level revealed grade 1 in 20% (n=2) and grade 2 degen-
eration in 50% of used specimens (n=35), whereas 30%
(n=3) showed grade 3 degeneration (Table 1).

Step Description

Flexibility test, Native (N) Surgical intervention: mild decompression

Flexibility test—after mild decompression (DC1) Surgical intervention: medium decompression

Flexibility test—after medium decompression (DC2) Surgical intervention: large decompression

Flexibility test—after full decompression (DC4) Instrumentation of pedicle screws with connecting rod

1
2
3
4 Flexibility test—after large decompression (DC3) Surgical intervention: full decompression
5
6

Flexibility test—after posterior instrumentation (PI)
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Biomechanical testing
ROM of the decompressed segment in LB

The means and standard deviations (mean + SD) for ROM in
LB (° degree) for the intact state, DC1, DC2, DC3, DC4 and
posterior instrumentation (PI) were 5.4 +2.8°, 5.6 +2.9°,
5.742.9°,5.7+2.9°,59+2.9° and 1.7 +0.9°, respectively.
The increase of means and SD for normalized ROM in LB
compared to the intact state (100%) was+4 +6.0%,+5+7.3
%,+8+8.3%,+11+9.9% and — 61 +23.1% for DC1, DC2,
DC3, DC4 and PI, respectively (Fig. 3).

ROM of the decompressed segment in FE

The means and standard deviations (mean + SD) for ROM
in FE (°) for the native state, DC1, DC2, DC3, DC4 and PI
were 6.3+2.2°,6.6+2.3°,6.6+2.4°,6.9+2.5° 74+2.9°
and 1.6+0.7°, respectively. The mean normalized ROM and
SD increase in FE (%) in respect to the native state was+4 +

Fig.3 Boxplot of normalized

4.3%,+4+4.5%,+8+8.3%,+20+15.9% and — 71 +12.8%
for DC1, DC2, DC3, DC4 and PI, respectively (Fig. 4).

ROM of the decompressed segment in AR

The means and standard deviations (mean + SD) for ROM
in AR (°) for the native state, DC1, DC2, DC3, DC4 and PI
were 3.0+1.6°,3.1+£1.7°,3.2+1.7°,3.4+1.8°,3.5+1.8°
and 1.2 +0.6°, respectively. The mean normalized ROM
and SD increase in AR (%) in respect to the native state
was+7+6.0%,+9+7.9%,+ 15+ 11.5%,+ 19+ 10.5% and
—54+21.1% for DC1, DC2, DC3, DC4 and PI, respectively
(Fig. 5).

Compared to the intact state, a clear increase in the
normalized ROM was measured after DC4 for all motion
directions (Table 4). This was especially true for two speci-
mens (S05 and S06) showing a mean increase of ROM
of 34% after DC3 and 36% after DC4 in AR, while the
mean increase of ROM in AR after DC4 of the remaining
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Fig.5 Boxplot of normalized
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Table 4 Detailed information on p values (paired ¢ test) regarding the
comparison of normalized ROM of the native state with all types of
decompression (DC1-DC4) and the posterior instrumentation

Lateral bending
Native DC1 p=0.42
Native DC2 p=0.31
Native DC3 p=0.08
Native DC4 p=0.035
Native PI p=<0.001
Flexion/extension
Native DC1 p=0.15
Native DC2 p=0.075
Native DC3 p=0.065
Native DC4 p=0.015
Native PI p<0.001
Axial rotation
Native DC1 p=0.03
Native DC2 p=0.025
Native DC3 p=0.005
Native DC4 p<0.001
Native PI p<0.001

p values < 0.05 were considered statistically significant

specimens accounted for 14% (S01:15%, S02:17%, S03:17%,
S04:11%, S07:25%, S08:7%, S09:18%, S10:8%).

Discussion

We hereby report the results of an in vitro biomechanical
investigation, assessing the ROM increase with progressive
states of lumbar decompression. The authors' hypothesis
prior to this study proved to be true, showing no significant
clinical difference between decompressions DC1-3. How-
ever, resection and loss of dorsal tethering (DC4) showed a
clinically significant increase of ROM. In this biomechanical

B native

pDc1 [[1pc2 M bocs Mocs WP

in vitro study, solely degenerated lumbar spine segments
were selected to investigate the effect of decompression sur-
gery as equivalent as possible. Test results showed a slow,
but progressive increase of ROM according to the extent of
decompression for lumbar spinal stenosis.

LSS constitutes a treatment requiring disease, especially
in the elderly population. [20] Regarding the surgical man-
agement, there are still controversial opinions, and a decom-
pression of the LSS was known to be the standard proce-
dure. [6] In order to avoid the commonly reported secondary
lumbar instability, additional fusion was recommended, and
numbers of complex spinal procedures were rising. [21-24]
To overcome the disadvantages of extensive laminectomy
procedures, less invasive microsurgical decompression tech-
niques have been developed. [7] However, reoperation and
secondary fusion rates are still high, and especially perio-
perative surgical risk factors for detecting instability need
to be identified to guarantee the administration of the most
promising treatment strategy.

The results of our biomechanical in vitro investigation,
conducted on degenerated lumbar spines, were able to dem-
onstrate that the unilateral decompression only showed
minimal increases in LB (+4%), FE (+4%) and AR (+7%)
compared to the intact state and therefore does not seem to
have significant clinical impact on the development of insta-
bility of the lumbar spine (p > 0.05). Interestingly, the same
accounts for a unilateral approach with a contralateral “over
the top decompression”, as changes in all dimensions were
very small as well. Mean increases of the ROM in all dimen-
sions were still less than 10% (p > 0.05). Those results coin-
cide with previous studies, showing no significant increase
of instability following unilateral approaches with contralat-
eral “over the top” decompression. [25] With further amount
of decompression and the likelihood of promoting instability
in case of a bilateral approach with bilateral interlaminar
decompression, the ROM further increased, showing sta-
tistically significant trends (p < 0.05). Nevertheless, when
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compared to the intact condition, the ROM increased less
than 10% in LB and FE about 15% in AR, which should not
have any clinical impact, as absolute values failed to exceed
an increase 4+ 0.5°. Previous studies reported similar results
when biomechanically assessing unilateral versus bilateral
laminotomies [26].

Regarding the selection of specimens, a model represent-
ing the population suffering from LSS was chosen. Mean
age was 73 years and male-to-female ratio was 4:1. [27]
Index levels were distributed relatively balanced between
L3 and S1 as described in the results section. Still, an influ-
ence of age, gender and index level on degeneration as well
as potential instability cannot be ignored, as for example,
female gender and age < 70 years are known risk factors
for the development of SLI. [28-30] Also, due to anatomi-
cal reasons and facet joint alignment, different index levels
in the lower lumbar spine might show different risk for an
increase of ROM and therefore for the development of SLI.
Furthermore, other patient related factors, i.e., the influence
of body weight, could not be considered in this experimen-
tal performance. Despite these factors, our study aimed to
analyze the overall risk of ROM increment due to decom-
pressive surgery and identification of specifically more vul-
nerable individuals.

Nevertheless, the fact, that our model does not consider
enhanced muscle trauma due to the in vitro testing setup,
cannot be disregarded. It is widely known, that paraspinal
muscles, and therefore also their impairment, show a signifi-
cant impact on the development of SLI. [31] When carrying
the decompression to the maximum extent, meaning a full
laminectomy, ROM measurements showed statistically sig-
nificant increases compared to the intact specimen. In LB
measurements increased about 10%, which may be clinically
negligible, but leading to approximately 20% in FE and AR
(» <0.05). These findings agree with previous study results,
showing the highest risk for the development of lumbar
instability after a complete laminectomy [32, 33].

SLI represents a widely known problem, following
decompressive surgery for LSS. In the last decade, a vast
array of clinical, radiological and technical factors, poten-
tially influencing stability, have been evaluated. [31, 34,
35] Still, to date, no clear consensus in determination and
definition of a possible instability as well as possible risk
factors for development of SLI has been achieved. In our
measurement series, two specimens showed a marked
increase in normalized ROM in axial rotation, which might
be a risk factor for the development of SLI. Reasons for
that are numerous but may include individual destabili-
zation of decompressed segments independent from gen-
der, level or degeneration grade due to other anatomical
or biomechanical parameters assuming after these analy-
ses. Nevertheless, these are a very important results for
further studies, as we could attest the individual risk of

@ Springer

destabilization for specific patients. Intraoperative meas-
urement and detection of patients with a reduced resist-
ance in axial rotation after decompression surgery might
assist to identify patients who could possibly benefit from
additional stabilization after decompression. Therefore,
there might be a potential for a device to intraoperatively
measure the flexibility in axial rotation before and after
decompression to identify patients with the need for an
additional instrumentation.

The ROM of the adjacent motion segments was also
measured as standard procedure for testing. However, it
was not reported, as it was not significantly affected by the
amount of decompression. This is due to the setup of the
testing with pure moment loading recommended for test-
ing of spinal specimens [19]. By definition of pure moment
loading, each motion segment is loaded with the same bend-
ing moment. If a segment is not manipulated, the ROM of
adjacent segments will remain the same. If multisegmental
ligamentous structures are resected, the ROM of adjacent
segments may show small changes. Therefore, loading spi-
nal specimens with pure moment loading does not give any
information on ROM changes of adjacent segments. Pure
moment testing does not fully reflect the physiological load-
ing of the spine with external loads and muscle forces in
patients. However, it is a well standardized load protocol to
investigate the effect a surgical treatment/intervention on the
ROM of a treated functional spine unit. Limitations include
the above-mentioned issues as well as the solely experimen-
tal setting lacking physiological influence such as paraspinal
muscles, varying bodyweight and gender. Therefore, prior
to translating these results directly in to clinical practice, it
should be considered that the results of this experimental
and biomechanical study were derived from standardized
pure moment loading without additional muscle forces.

To the best of our knowledge, this is the first biomechani-
cal in vitro study using preselected degenerated lumbar
spines with radiographic indications for surgical decompres-
sion to assess the ROM changes after sequential decompres-
sion. Due to advances in surgical techniques in the last years,
involving minimally invasive approaches and microsurgery,
intraoperative destabilization can be kept limited [36, 37].

Conclusion

Unilateral as well as bilateral decompressive surgery only
shows a mild increase in ROM and therefore likely presents
a safe strategy to treat LSS. Nevertheless, after laminec-
tomy, the ROM increase was most pronounced and statisti-
cally significant. If this statistically significant, increase in
ROM has also an impact on the clinical outcome and how
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to identify segments at risk for SLI should be evaluated in
further studies.
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