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Abstract

Purpose The aim of this study was to elucidate segmental range of motion (ROM) before and after common decompression
and fusion procedures on the lumbar spine.

Methods ROM of fourteen fresh-frozen human cadaver lumbar segments (L.1/2: 4, L3/4: 5, L5/S1: 5) was evaluated in six
loading directions: flexion/extension (FE), lateral bending (LLB), lateral shear (LS), anterior shear (AS), axial rotation (AR),
and axial compression/distraction (AC). ROM was tested with and without posterior instrumentation under the following
conditions: 1) native 2) after unilateral laminotomy, 3) after midline decompression, and 4) after nucleotomy.

Results Median native ROM was FE 6.8°, LB 5.6°, and AR 1.7°, AS 1.8 mm, LS 1.4 mm, AC 0.3 mm. Unilateral laminotomy
significantly increased ROM by 6% (FE), 3% (LB), 12% (AR), 11% (AS), and 8% (LS). Midline decompression significantly
increased these numbers to 15%, 5%, 21%, 20%, and 19%, respectively. Nucleotomy further increased ROM in all directions,
most substantially in AC of 153%. Pedicle screw fixation led to ROM decreases of 82% in FE, 72% in LB, 42% in AR, 31%
in AS, and 17% in LS. In instrumented segments, decompression only irrelevantly affected ROM.

Conclusions The amount of posterior decompression significantly impacts ROM of the lumbar spine. The here performed
biomechanical study allows creation of a simplified rule of thumb: Increases in segmental ROM of approximately 10%, 20%,
and 50% can be expected after unilateral laminotomy, midline decompression, and nucleotomy, respectively. Instrumenta-
tion decreases ROM by approximately 80% in bending moments and accompanied decompression procedures only minorly
destabilize the instrumentation construct.

Keywords Decompression - Fusion - Nucleotomy - Range of motion - Biomechanics

Introduction

Degenerative disease of the lumbar spine, which typically
presents as low back, gluteal, and leg pain, is an ever-
increasing burden for the health care system worldwide
[1, 2]. The most common conditions leading to surgery are
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spinal stenosis and spondylolisthesis, and the numbers of
surgical procedures performed for these conditions have
increased steadily over the past decades [2—4]. The two
mainstays of surgery are decompression of neural structures
alone and decompression with spinal instrumentation and
fusion.[5, 6].

Discussions about which patient should undergo decom-
pression at all and to what extent and in whom a fusion
should be attempted are as old as the treatment options
themselves [7]. In the early era of spine surgery, nucle-
otomy, or removal of parts of the intervertebral disks, was
considered to lead to fusion through the degenerated disk
over time, but many studies have reported more reliable
results with posterior spinal instrumentation and interbody
fusion [7, 8]. Whereas fusion surgery inherits the disad-
vantages of implant-related infections, painful pseudar-
throsis, screw loosening, and adjacent segment disease,
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decompression alone may provoke spinal instability and
lead to rapid advancement of degenerative processes, inad-
equate spinal balance, and undesirable clinical outcomes.
The modern literature continues to report conflicting
results regarding whether patients with spinal canal ste-
nosis and degenerative spondylolisthesis should undergo
decompression alone or decompression and instrumenta-
tion, and the topic still provokes heated debates [9—16].

A recent meta-analysis by Lang et al. [17] found similar
revision rates after decompression alone and decompres-
sion with instrumentation with rates of around 20% within
5 years in both groups, but the indications for revision dif-
fered. While the reasons for revision after decompression
surgery alone were recurrent stenosis, further degenera-
tion, spinal instability, and other forms of same segment
diseases in 52—-100% of the cases [11, 18]; the most com-
mon reason for revision after decompression and fusion
surgery was adjacent segment disease with proportion
ranging from 42 to 100% [11, 19]. latrogenic spinal insta-
bility after spinal surgery has been described as driver for
further degeneration in both same segment disease after
decompression and adjacent segment disease after instru-
mentation [10, 20]. Although spinal instability is most
commonly reported as excessive gain of ROM beyond
8°—15° for angular motion and 3—4.5 mm for translation,
we believe that already smaller amounts of ROM increase
by decompression surgery may play a role in further seg-
ment degeneration [20]. This assumption is for example
backed by the study of Kim et al. [21], who found higher
reoperation rates for more extensive decompression tech-
niques, with rates of 19%, 14%, and 12% within 5 years
after laminectomy, open discectomy, and endoscopic dis-
cectomy, respectively.

While important efforts were made to study clinical out-
comes after decompression and instrumentation techniques,
the biomechanical understanding of spinal motion after these
procedures is still fairly limited. In our opinion, understand-
ing iatrogenic alterations in biomechanical behavior caused
by surgery are likely to be as important as detailed anatomic
knowledge and other patient individual factors to achieve
successful clinical outcomes. The purpose of this study was
to comprehensively elucidate segmental range of motion
before and after ascending extents of decompression pro-
cedures and posterior instrumentation on the lumbar spine
[10, 20]. Because the most commonly performed decom-
pression techniques for disk herniation and spinal stenosis in
our tertiary spine center are unilateral laminotomy, midline
decompression and nucleotomy, we aimed to biomechani-
cally investigate these surgical interventions with and with-
out pedicle screw instrumentation. We hypothesized that,
segmental motion increases depending on the amount of
structural harm of the segment by decompression, and that
posterior instrumentation decreases segmental motion.

Methods
Specimen preparation

Fourteen fresh-frozen lumbar segments (L1/2: 4, L3/4: 5,
L5/S1: 5) from 11 human cadavers were procured from
Science Care (Phoenix, AZ, USA). The median age of the
cadavers was 59 years (range 50-68 years); eight were
male, and three were female. The median BMI was 27.9
(range 16.1-34.5). Computed tomography (CT) and mag-
netic resonance imaging (MRI) were performed to exclude
specimens with fractures, tumors, and CT-graphic signs
of poor bone quality measured with Hounsfield Units
on clinical CT protocol [22] (Table 1). Furthermore, the
degeneration of the disk was graded from 0° to 4° on
MRI using the Pfirrmann classification on T2-weighted
sagittal images [23]. Degeneration of the facet joint was
assessed on CT and MRI and scored from 0° to 3° using
the Weishaupt classification [24]. No assessment regarding
spinal canal stenosis or nerve root compression was pos-
sible, because the neural structures of the spine cadavers
were empty of spinal fluid and fully collapsed. The cadav-
ers were stored at — 20 °C until thawing overnight in plas-
tic bags. The specimens were cleaned of connective tissue
and paraspinal musculature, leaving the intervertebral liga-
ments, disks, and facet joint capsule intact. Titanium alloy
polyaxial pedicle screws (Medacta International, Castel
San Pietro, Switzerland) were placed into all vertebrae
with a 3D-printed, patient-specific guide navigation tech-
nique with optimized screw diameter (6.0-7.0 mm) and
length (45-55 mm).

Experimental setup

A previously established biomechanical test protocol was
used for this study, and the specimen was mounted with
3D-printed clamps [25, 26]. Force-controlled displace-
ments were measured after the application of a prede-
fined load to the cranial vertebra with the caudal verte-
bra fixed to a semi-constrained test apparatus (Zwick/
Roell AllroundLine 10 kN, Germany) (Fig. 1). Bending
moments were applied around the vertical axis (z-axis),
while coupled translational motion in the horizontal plane
was unconstrained with the use of an x—y-table. This
approach eliminated axial forces in the horizontal plane,
whereby vertical compressive and bending moments
around the x and y-axis were not prevented. Similarly,
the shear and compressive forces were employed along
the vertical axis with the x—y-table preventing the buildup
of translational forces in the horizontal plane, while
rotational motion around all 3 axes were constrained.
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Table 1 S_p t?cimen . Level Bone quality Disk Degeneration  ROM flexion/extension

characteristics—overview

Height Lordosis Disk  Facet Native Alnstrumented ADecompres-
sion
[HU] [mm]  [°] [0-41 [0-3] [°] [°] [%]  [°] [%]

L1/L2 182 12 3 3 2 29 -23 -80 +03 +12
L1/L2 173 14 5 2 1 4.0 -34 -8 405 +12
L1/L2 216 10 1 2 1 35 -29 -82 406 +18
L1/L2 173 9 6 2 1 9.1 -74 -81 +09 +10
L3/L4 200 8 6 4 2 4.7 -41 -8 +09 +18
L3/L4 205 11 3 3 2 5.2 -46 -8 +09 +17
L3/L4 245 14 4 2 0 7.0 -6.1 —-87 +16 +23
L3/L4 204 15 4 2 1 9.5 -76 -80 +1.6 +17
L3/L4 178 12 2 2 3 6.6 -53 =81 407 +11
L5/S1 203 12 7 3 2 8.0 -65 -—-81 +14 +17
L5/S1 214 10 7 3 2 12.6 -96 -76 +13 +10
L5/S1 182 11 5 2 1 8.9 -72 =82 420 +22
L5/S1 173 13 8 2 1 6.2 -53 -8 407 +12
L5/S1 216 12 7 2 2 12.3 -105 -8 +1.0 +8
Median 201 12 5 2 2 6.8 -57 -82 409 +15
Min 173 8 1 2 0 29 -23 -88 403 +8
Max 245 15 8 4 3 12.6 -105 -76 +2.0 +23

ROM range of motion. HU Hounsfield Units. Disk degeneration according to Pfirrmann, Facet joint degen-
eration according to Weishaupt. Alnstrumented =ROM change from the native segment after pedicle screw
instrumentation in absolute [°] and relative [%] values. ADecompression=ROM change from the native,
non-instrumented segment after midline decompression. Negative (—) values indicate ROM reductions.
Positive (+) values indicate ROM increases

Fig.1 Experimental Setup. a vertical position for testing of axial
rotation and axial compression. b Spine segment installed in the hori-
zontal, prone position to measure lateral bending and anterior shear. ¢

Flexion—extension (FE), lateral bending (LB), and axial
rotation (AR) were tested with a velocity of 1°/sec,
attaining a torque of +7.5 Nm. Anterior shear (AS) and
lateral shear (LS) were measured at 0.5 mm/sec with
150 N applied to each direction and axial compression/
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Spine segment installed in the horizontal, lateral position to measure
flexion/extension and lateral shear

decompression (AC) at 0.1 mm/sec until + 400N compres-
sion and — 150 N distraction were reached. After comple-
tion of five preconditioning cycles, the range of motion
(ROM) of the sixth cycle was recorded. Infrared-emit-
ting markers were positioned on each vertebra to enable
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stereophotogrammetrical measurements of ROM with
10 Hz and 0.09 mm accuracy (Fusion Track 500, Atrac-
sys, Puidoux, Switzerland). Additional markers were set
on the 3D-printed mounting clamps to ensure adequate fit
of the vertebrae in the clamps.

Test protocol

All procedures were performed by two experienced and
specialty-trained spine surgeons (one orthopedic and one
neurosurgeon). With the aforementioned setup, the ROM
of each specimen was measured in the following sequence
(Fig. 2):

A) Intact spinal segment without decompression and with-
out vertical rods attached to the pedicle screws

B) Intact segment after instrumentation (= attachment of
the titanium rods on each side)

C) Non-instrumented, left unilateral laminotomy, and resec-
tion of the ligamentum flavum

D) Instrumented, unilateral laminotomy

E) Non-instrumented, midline decompression (bilateral
laminotomy and removal of interspinous ligaments)

F) Instrumented, midline decompression

G) Non-instrumented, nucleotomy (description in Fig. 3)

H) Instrumentation and complete removal of the nucleus
pulposus and insertion of two posterior lumbar inter-
body fusion (PLIF) cages (MectaLIF Posterior, Medacta
International, Switzerland). The segments were dis-
tracted with — 100 N prior to PLIF insertion and com-
pressed with +200 N before tightening the vertical rods.

Fig.3 Nucleotomy Technique. a Sharp, vertical incision of the anulus
fibrosus. b Insertion of the rongeur. ¢ sparse removal of the nucleus
pulposus. d Less than a fingertip of disk material was removed

Statistical analysis

Statistical analysis was performed using MATLAB (MAT-
LAB 2019a, MathWorks, Massachusetts, USA). Medians,
25th and 75th percentiles of absolute and relative ROM are
reported. Wilcoxon signed rank tests were used. A Bonfer-
roni correction of p values was applied due to multiple com-
parisons. Statistical significance was defined as a <0.05.

Results

All specimen revealed age-related signs of degeneration
with median degree of degeneration of the intervertebral
disk of 2° (range 2-4°) according to Pfirrmann [23] and

Fig.2 Test Protocol. a intact, non-instrumented, b intact, instru-
mented, ¢ unilateral laminotomy, non-instrumented, d unilateral
laminotomy, instrumented, e midline decompression, non-instru-

mented, f midline decompression, instrumented, g nucleotomy, non-
instrumented, h complete nucleotomy and posterior lumbar interbody
fusion (PLIF)
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Table 2 Absolute range of

. . Non-instrumented (NI) Instrumented (I) 1-I/NI (%) p Value

motion (ROM) and relative

ROM reduction with posterior Median 25-75 Median 25-75 Median 25-75

instrumentation
Intact
FE (°) 6.8 4.7-9.1 1.1 0.7-1.7 82 81-85 0.0005
LB (°) 5.6 4.4-6.6 14 1.3-1.7 72 68-78 0.0005
AR (°) 1.7 1.1-3.3 0.9 0.7-1.2 42 30-53 0.0005
AS (mm) 1.8 1.2-2.5 1.1 0.8-1.2 31 26-48 0.0005
LS (mm) 14 0.7-1.8 1.0 0.7-1.3 17 9-35 0.0010
AC (mm) 0.3 0.2-0.5 0.3 0.2-0.6 2 (—16)-19 1.0000
Unilateral Laminotomy
FE (°) 7.3 5.1-9.8 1.2 0.6-1.7 85 82-85 0.0005
LB (°) 5.9 4.5-7.0 14 1.3-1.8 74 68-78 0.0005
AR (°) 1.8 14-34 1.0 0.8-1.1 50 35-60 0.0005
AS (mm) 2.2 1.3-2.6 1.0 0.9-14 40 31-56 0.0005
LS (mm) 1.5 0.8-2.2 1.1 0.7-1.3 19 9-36 0.0005
AC (mm) 0.3 0.2-0.6 0.3 0.2-0.5 (-12) (—59)-37 1.0000
Midline Decompression
FE (°) 8.0 5.6-10.9 1.2 0.7-1.9 85 82-87 0.0005
LB (°) 5.9 4.7-7.2 1.6 14-1.8 73 66-78 0.0005
AR (°) 2.0 1.6-3.4 1.0 0.8-1.2 53 44-59 0.0005
AS (mm) 24 14-29 1.1 0.9-1.5 46 33-59 0.0005
LS (mm) 1.7 0.9-2.3 1.2 0.7-1.3 23 14-40 0.0005
AC (mm) 0.2 0.2-0.6 0.3 0.3-0.6 (—6) (—43)-37 1.0000
Nucleotomy (NI) & PLIF (1)
FE (°) 10.9 7.3-13.7 14 0.8-2.1 87 84-89 0.0005
LB (°) 6.4 5.8-8.2 14 1.2-1.8 78 70-81 0.0005
AR (°) 2.6 2.1-4.3 1.1 0.8-1.3 64 49-69 0.0005
AS (mm) 29 1.7-3.5 1.0 0.8-1.6 51 43-67 0.0005
LS (mm) 2.2 1.6-2.8 1.0 0.7-1.5 42 26-55 0.0005
AC (mm) 1.1 0.9-1.2 0.2 0.1-0.6 75 53-89 0.0005

ROM range of motion, 25-75 25 percentile and 75 percentile, FE flexion/extension, LB lateral bending,
AR axial rotation, AS anterior shear, LS lateral shear, AC axial compression. TLI/F transforaminal interbody
fusion. Bold type indicates statistical significance

facet joint 2° (range 0-3°) according to Weishaupt [24]
(Table 2). Median ROM of the native segments was FE
6.8° (4.7-9.1°), LB 5.6° (4.4-6.6°), AR 1.7° (1.1-3.3°), AS
1.8 mm (1.2-2.5 mm), LS 1.4 mm (0.7-1.8 mm), and AC
0.3 mm (0.2-0.5 mm) (Table 2). The segments L5/S1 tended
toward higher ROM in FE, LB, and AS than the s L1/2 and
L3/4, but the relative ROM changes with decompression and
instrumentation were similar. All investigated decompres-
sion steps led to an increase in ROM and the instrumentation
steps did reliably decrease motion (Table 2; Figs. 4 and 5).

Unilateral laminotomy versus traditional midline
decompression

In the non-instrumented segments, unilateral laminotomy

led to small but significant ROM increases in all loading
directions, except of AC. Increases in ROM after unilateral
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laminotomy were in FE 6% (5-10%), LB 3% (1-5%), AR
12% (4-22%), AS 11% (6-18%), and LS 8% (3-14%), all
p<0.001. The ROM increases were even more evident after
midline decompression, with an increase of 15% (11-18%)
in FE, 5% (2-8%) in LB, 21% (10-33%) in AR, 20%
(16-31%) in AS, and 19% (8-27%) in LS. ROM increases
were significantly higher after midline decompression than
after unilateral laminotomy in all loading directions.

Nucleotomy

Nucleotomy led to substantial increases in ROM, which
were highly significant (p <0.0001) in all loading directions
when compared to the intact segment (= state A) but also in
comparison with the decompressed segments (=states C and
E). The largest ROM increases were found in AC of 153%
(79-337%) compared to intact. FE was increased by 46%
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(40-65%), LB by 15% (12-38%), AR by 52% (24-135%),
AS by 45% (30-72%), and LS by 52% (26-75%).

Decompression and instrumentation

Instrumentation through connecting the inserted pedicle
screws led to a significant decrease in ROM in all loading
directions, except AC (Table 1). The largest ROM reduc-
tions were found in FE, with median relative reductions of
82% (81-85%; p <0.001), followed by LB 72% (68-78%;
p<0.001), AR 42% (30-53%), AS 31% (26-48%), and LS
17% (9-35%) in the intact segment. Higher relative ROM
reductions were observed with more extensive decompres-
sion. AC was not affected by instrumentation in any surgical
decompression state, except for a significant ROM decrease
of 75% (53-59%) with instrumentation and PLIF compared
to after nucleotomy without instrumentation (p <0.001).
In the instrumented segment, both unilateral laminotomy
and midline decompression significantly increased ROM in
LS by 8% (3-14%; p<0.001) and 19% (8-27%; p <0.001)
but did not significantly affect ROM in any other loading
direction (Fig. 5). In instrumented segments, relative ROM

increases were significantly larger after midline decom-
pression than after unilateral laminotomy in both LS (19%
vs. 8%; p=0.012) and AS (20% vs. 11%; p=0.050). In the
instrumented segments, a tendency to increased ROM after
midline decompression was also observed in FE and LB by
11% ((—4)-18%) and 9% (0-11%), respectively, which did
not reach statistical significance. No other loading directions
were affected by laminotomy or midline decompression of
the instrumented segment. PLIF did not lead to any signifi-
cant change in ROM in any loading direction compared to
instrumentation without interbody fusion. PLIF did, how-
ever, show the greatest relative ROM reductions when com-
pared to decompression and nucleotomy, with the largest
relative ROM reductions in FE of 87% (84-89%), followed
by LB 78% (70-81%) and AC 75% (53-86%), all p <0.001.

Discussion
Although biomechanical understanding of the human body

is of primary importance in spine and orthopedic surgery
in general, awareness and knowledge of the alteration of

@ Springer
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Fig.5 Change of range of motion (ROM) relative to the intact spinal
segment. Non-instrumented (=light gray) and instrumented (=dark
gray) decompression states relative to non-instrumented and instru-
mented, intact states, respectively. Values above 0O represent relative

segmental spinal motion after a decompression or fusion
procedure are fairly low. The present study aims to fill this
gap by providing detailed analysis of segmental ROM after
common decompression and instrumentation procedures on
the lumbar spine. The main findings are that even unilat-
eral laminotomy leads to a significant increase in segmental
ROM, which is further increased after midline decompres-
sion and nucleotomy. Pedicle screw instrumentation signifi-
cantly reduced segmental ROM in each case, since overall
posterior decompression procedures only negligibly desta-
bilized the fusion construct.

ROM of spinal segments differ between different levels
and also depend on degree of degeneration [27]. In this
study, we found a trend toward higher ROM in FE, LB,
and AS in the segments L5/S1 than the segments L1/2 and
L3/4, but the relative ROM changes with decompression and
instrumentation were similar. Although wide variation in
absolute ROM between the specimen was observed, the rela-
tive ROM changes with decompression and instrumentation
were in close ranges. For example, absolute ROM in FE of
the native segments ranged between 2.9° and 12.6° (=434%
of 2.9°), while relative FE decreases ranged between 76 and
88% after instrumentation and relative FE increases ranged
between 8 and 23% after midline decompression (Table 1).
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ROM increase and below 0 decrease. NI non-instrumented. / instru-
mented. Ul laminotomy unilateral laminotomy. Midline deco midline
decompression. The boxplots contain the median, the 25 and 75 per-
centiles and the whiskers represent the min. and max. values

In contrast, in absolute numbers, wide variations in ROM
were observed, with FE decreases ranging between—2.3°
and — 10.5° and FE increases ranging between 0.3° and 2.0°
after instrumentation and midline decompression, respec-
tively. Therefore, the higher the native ROM, the higher the
absolute change in ROM with decompression and instru-
mentation. However, the amount of relative change in ROM
after decompression and instrumentation seems to be more
constant and can be more reliably estimated. Neither a con-
nection between relative change in ROM to native ROM, nor
to level of segment and nor to degree of degeneration could
be observed in this study.

In cases of degenerative spinal stenosis and spondylolis-
thesis, it is controversial whether spinal decompression alone
is an appropriate surgical treatment or whether fusion should
be pursued. Also, it is often unclear whether decompres-
sion for adjacent segment disease on top of an instrumented
spine is sufficient, or not. Opponents of decompression alone
argue that this approach could provoke further segmental
instability and further accelerate the degenerative cascade.
While studies in the 1990s already suggested that patients
who underwent posterior instrumentation in addition to
laminectomy had better outcomes and less progression of
listhesis than patients who underwent laminectomy alone
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[16, 17], recently published studies have failed to depict
a consistent clinical benefit of additional instrumentation
[12-14, 28]. Therefore, a clear consensus remains pending,
possibly due to the lack of awareness and knowledge of the
actual segmental native ROM and its alteration by surgical
intervention.

Unilateral laminotomy with or without over-the-top
decompression and conventional midline decompression
with bilateral laminotomy and removal of the interspinous
ligaments are standard procedures for the removal of her-
niated disks and decompression of the spinal canal and
entrapped nerve roots. Former biomechanical studies found
a significantly larger ROM increase the more extensive
the decompression [29, 30]. Smith et al. [29] investigated
ROM on six human lumbar cadaver specimen and found
a significant increase in FE, LB, and AR after decompres-
sion and the ROM increases were larger, the more exten-
sive the decompression. ROM in their study from native
to > unilateral laminotomy > standard midline decompres-
sion > wide midline decompression was as follows: FE
9.2°>9.6°>10.7°>12.3°, LB 8.0°>8.4°>8.6°>10.4°,
and AR from 3.7°>4.0°>4.5°>6.3°. Grunert et al. [30]
investigated ROM after minimally invasive unilateral lami-
notomy with over-the-top decompression and laminectomy
at the adjacent level (L3/4) cranial to the instrumented spine
(L4/5). Minimally invasive decompression significantly
increased FE at L3-L4 by 13% and AR by 23%. Laminec-
tomy further increased ROM by an additional 12% in FE
and by 17% in AR. The results of both studies are in line
with the here presented data. Although these former studies
already provided valuable insights on distinct decompres-
sion techniques, no study had comprehensively investigated
segmental ROM after standard decompression techniques in
context with instrumentation and with nucleotomy, to date.

In our study, unilateral laminotomy increased segmental
ROM by 3% (LB) to 12% (AR), whereas midline decompres-
sion showed an increase of 5% (LB) to 21% (AR). Minimally
invasive and endoscopic decompression techniques have
been further shown to affect segmental stability to a lesser
degree in biomechanical investigations [30, 31]. Nucleot-
omy, routinely performed in recurrent cases or in patients at
high risk for further disk herniation, aims to reduce intradis-
cal pressure [32]. However, fenestration of the annulus and
partial resection of the nuclear substance resulted in a sub-
stantial segmental ROM increase in all loading directions,
with the most prominent changes in AC of 153%. Therefore,
nucleotomy could increase the risk of accelerated segmental
degeneration and should be considered only as a salvage
option for recurrent disk herniation in patients who are not
candidates for fusion surgery.

Instrumentation with pedicle screws and connecting rods
remains the gold standard in spinal fusion surgery today
and is increasingly applied together with the insertion of

interbody fusion cages [33]. In this study, the standard bilat-
eral PLIF technique was compared to nucleotomy. While
instrumentation of the segment significantly decreased ROM
in almost all loading cases, both decompression steps signifi-
cantly increased ROM in LS by 8% and 19%, respectively.
However, in light of the small absolute ROM increase in LS
of 0.07 mm (0.03-0.11 mm) and 0.13 mm (0.05-0.18 mm),
respectively, the significance of this increase is rather aca-
demic and may be negligible from a biomechanical point of
view, meaning that both unilateral decompression and mid-
line decompression can be considered safe in instrumented
segments.

The use of interbody fusion has increased rapidly in
recent years [33]. Biomechanically, interbody fusion is
intended to support the anterior and middle columns, resist
compression forces, and reduce stress on the pedicle screw-
bone and screw-rod interfaces [34, 35]. Furthermore, bet-
ter clinical outcomes, higher fusion rates, and less early
screw loosening due to intersomatic fusion have already
been shown [33, 36]. Contrary to our expectations, bilateral
PLIF insertion did not lead to noticeable ROM reductions
and did not increase construct stiffness. The literature pro-
vides conflicting results regarding biomechanical effect of
interbody fusion. Whereas Godzik et al. [37] found a trend
to motion decrease with the use of interbody fusion com-
pared to posterior instrumentation alone, Ntilikina et al. [38]
reported a non-significant trend toward motion increase in
bending and rotational directions. Furthermore, Harris et al.
[39] reported that transforaminal interbody fusion led to sub-
stantial destabilization, and the additional posterior instru-
mentation did only reapproximate the motion to the native
spine in their study. Therefore, it appears that the stabilizing
effects of the intervertebral disk cannot be fully restored
using a cage; in FE und AR motions, the cage implantation
allowed even more motion, implying that the cage partially
acts as a hypomochlion in the performance of certain move-
ments. This potential drawback must be weighed against the
advantages of anterior column support, which also aims to
maintain disk height in the early stages until the bony fusion
has sufficiently advanced by the inserted bone material.

Clinical significance

It is our opinion that, to capture the complete picture of
a patient in spine surgery practice, understanding the bio-
mechanical alterations after a surgical procedure are as
pivotal as knowing the patient’s expectations, comorbidi-
ties, and individual anatomic factors. The results reported
in this study can and should be kept in mind when coun-
seling patients for lumbar decompression with and without
instrumentation, whether in primary surgery or in revision
surgery, e.g., for adjacent segment disease. Although not
entirely generalizable to each individual patient, the results
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of this study can be roughly summarized to the following
five simplified rules of thumb:

1) Unilateral laminotomy increases lumbar segmental
motion by 10%

2) Midline decompression increases segmental motion by
20%

3) Nucleotomy increases segmental motion by 50%

4) Pedicle screw instrumentation reduces lumbar segmental
motion by 80% of the native ROM

5) Decompression only negligibly increases residual
motion in instrumented spinal segments

Limitations

This biomechanical in vitro study inherits some limitations.
The application of isolated load in FE, LB, AR, LS, AS, and
AC enables precise comparisons between different decom-
pression and instrumentation conditions, but represents a
very rough simplification of the complex motion and force
pattern of a human spine in vivo [20, 40]. Also, cadaver
spine tests generally ignore the stabilizing effect of the active
trunk musculature. In our opinion, the semi-constrained test
protocol enables adequate investigation of the study question
and most adequately balances the trade-off between exact
replication of the physiological kinematics and the reduction
in complexity [27]. A completely unconstrained test setup,
as it has been proposed in the literature [41], allows for cou-
pled motion in all dimensions and thus, prevents the buildup
of loading in these motion planes. While this configuration
might most adequately resemble in vivo kinematics, it might
result in more complex and potentially less replicable motion
between the investigated surgical intervention steps; since
due to the low stiffness of spinal segments in their neutral
zone, only minimal load is required for relatively large
motion. In contrast, a completely constrained testing con-
figuration forces the specimen to move in the same pattern
with each repetition and the effect of the surgical interven-
tion would be most reliably measured in this exact motion.
However, the complete restriction of all coupled motions
might result in unphysiological loading and motion patterns
(e.g., when the axis of rotation of the testing apparatus is
not aligned with the physiological center of rotation of the
spinal segment). The authors regard the semi-constrained
setup used in this study to represent an adequate compromise
between the two aspects, as center of rotations is not forced
on the specimens, while (unnecessary) evasive motion is
prevented.

Although all included spinal segments did reveal some
degree of degeneration of the intervertebral disk and/or facet
joint, spinal stenosis or nerve root compression could not be
assessed, because of collapsed neural structures. Therefore,
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the cadavers tested do only limitedly represent candidates
for decompression and fusion surgery and iatrogenic altera-
tions of segmental motion after these procedures can only
roughly be estimated. For example, in a patient with disk
herniation, a weakened anulus fibrosus and disk could
already have altered the segmental mobility and decompres-
sion, and nucleotomy might result in different amounts of
ROM increases than in intact spinal segments. However,
age-related signs of degeneration were found in all speci-
men, and their age range of 50-68 years does match with
the patient population undergoing spinal decompression and
fusion surgery, which is reportedly 57 + 14 years old accord-
ing to Martin et al. [2]. Also, the ROM reported herein most
likely represents the initial postoperative state, which would
alter in the further course due to scar tissue formation and
continuation of the degenerative process. CT was performed
with clinical CT protocols without phantom, and no DEXA
measurements were available. Therefore, the here reported
Hounsfield Units only roughly describe bone quality. Cor-
relation of native ROM, level of segment, and degree of
degeneration with relative ROM were not the object of this
study, and the relatively small sample size did not provide
adequate power for statistical analysis of this matter. There-
fore, further investigation of change of segmental motion
after spinal decompression and instrumentation in depend-
ence of degree of degeneration is warranted. Finally, because
ROM was tested in six loading directions separately, and the
weighting of each loading direction to the entire segmen-
tal mobility is unknown, the above-mentioned five rules of
thumb are rather rough simplifications of the data than the
results of exact mathematic calculations.

Conclusion

This study provides detailed insights into segmental ROM in
different loading directions after decompression and instru-
mentation of the lumbar spine. The amount of posterior
decompression significantly impacts ROM, with unilateral
laminotomy, midline decompression and nucleotomy all
significantly increasing ROM in ascending order. Pedicle
screw instrumentation reliably decreases segmental ROM,
and accompanied decompression procedures only minorly
destabilize the instrumentation construct. Based on the large
amount of ROM change observed in this study, surgeons
should be aware of the iatrogenic alterations of spinal bio-
mechanics after decompression and instrumentation. The
reported study provides a basis for surgical strategy making
in the clinical routine and for future research.
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