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Abstract

Purpose Unilateral hemilaminectomy with bilateral decompression (BDZ) was proposed as an alternative decompressive pro-
cedure in cervical spondylotic myelopathy (CSM). Despite promising clinical results, the destabilizing effect is yet unknown.
We therefore performed a biomechanical study to investigate whether lateral mass screw fixation should follow BDZ.
Methods Six human C2-C7 cervical specimens were tested under various conditions: native, unilateral hemilaminectomy
with bilateral decompression without/with fixation (BDZ/BDF), unilateral hemilaminectomy with bilateral decompression
and unilateral foraminotomy without/with fixation (UFZ/UFF), unilateral hemilaminectomy with bilateral decompression and
bilateral foraminotomy without/with fixation (BFZ/BFF), and laminectomy without/with fixation (LAZ/LAF). Instrumention
was applied from C3-C6. For each condition, the three-dimensional kinematics of the cervical specimen were measured in
three main loading directions with an ultrasonic motion analysis system. ANOVA was used to determine differences between
the specific segment conditions to assess the parameter’s range of motion (ROM) and neutral zone (NZ).

Results For flexion—extension, lateral bending and axial rotation, ROM of BDZ, UFZ, BFZ and LLAZ remained at the level of
the native condition (p >0.74), whereas fixation reduced ROM significantly (p <0.01). Between BDF, UFF, BFF and LAF,
no significant differences in reduction in ROM were seen (p > 0.49). Results for NZ were equivalent to ROM in flexion—
extension and lateral bending. For axial rotation, NZ remained almost constant on the native level for all tested conditions.
Conclusion Bilateral decompression via a hemilaminectomy, even if combined with foraminotomy, could be a less invasive
treatment option for multilevel CSM in patients with lordotic cervical alignment and absence of segmental instability.
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Introduction

Cervical spondylotic myelopathy (CSM) is a progres-
sive degenerative disease associated with degeneration of
intervertebral disks and adjacent vertebral structures, lead-
ing to progressive spinal canal narrowing and frequently
involving nerve root compression [1—4]. It is the most com-
mon cause of myelopathy in patients older than 55 years
of age and the leading cause of spinal cord dysfunction in
the world [5]. Early surgical treatment can alter the natural
history of CSM, as well as improve prognosis in selected
patients [6]. Surgical options for decompression of the
cervical spinal cord include anterior approaches, such as
anterior cervical discectomy and fusion (ACDF) or ante-
rior corpectomy and fusion (ACCF). Laminoplasty (LP)
and laminectomy (LAZ) plus fusion are viable posterior
alternatives [7]. Despite the higher rate of adjacent segment
disease after ACDF and ACCEF and identical clinical results,
LP is less popular in Europe and in the USA because of an
assumed risk of progressive kyphosis due to bilateral muscle
detachment [8]. To avoid this, Mielke et al. transferred the
concept of achieving bilateral spinal decompression via a
unilateral approach, which is today routine in lumbar spinal
canals stenosis surgery, to CSM [9-11]. However, it remains
unknown, if the benefits of only unilateral muscle detach-
ment are outweighed by a direct destabilizing effect on the
cervical spine depending on the amount of bone and yellow
ligament removal. The purpose of our in vitro study was to
close this knowledge gap and to evaluate the biomechanical
changes brought about by this new treatment option using a
standardized biomechanical protocol.

Fig. 1 Cross-sectional sketch
depicting the respective seg-
ment conditions: a native
(NAT); b unilateral hemi-
laminectomy with bilateral
decompression (BDZ; fixated
condition BDF indicated by
lateral mass screws); ¢ unilateral
hemilaminectomy with bilateral
decompression and unilateral
foraminotomy (UFZ; fixated
condition UFF indicated by lat-
eral mass screws); d unilateral
hemilaminectomy with bilateral
decompression and bilateral
foraminotomy (BFZ; fixated
condition BFF indicated by
lateral mass screws), e laminec-
tomy (LAZ; fixated condition
LAF indicated by lateral mass
SCrews)
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Materials and methods

Six fresh-frozen human cervical spines (C2—C7) with a mean
age of 80 years (range 71-90 years) were kept at —21 °C in
triple-sealed bags. The spines were thawed overnight at 6 °C
prior to the biomechanical testing. Computed tomography
(CT) scans performed in all specimens showed age-related
degeneration, however, no fractures, no ossifications of the
posterior longitudinal ligament (OPLL), no bridging spondy-
lophytes or syndesmophytes and no osseous ankylosis were
revealed. Soft tissue was removed, leaving the ligaments,
capsules, thecal sac and supporting structures intact. To fix
the specimens firmly in place on the simulator, the cranial
and caudal vertebrae (C2 and C7) were embedded in a cast-
ing resin (Ureol FC 53, Vantico GmbH, Wehr, Germany)
in the test fixtures. Segmental motion was not restricted in
any way, and the C4—CS5 disk was oriented in the horizontal
plane. The six specimens were consecutively tested under
the following segment conditions: native, after unilateral
hemilaminectomy with bilateral decompression without/
with fixation (BDZ/BDF), unilateral hemilaminectomy with
bilateral decompression and unilateral foraminotomy with-
out/with fixation (UFZ/UFF), unilateral hemilaminectomy
with bilateral decompression and bilateral foraminotomy
without/with fixation (BFZ/BFF), and laminectomy without/
with fixation (LAZ/LAF) (Fig. 1).

For lateral mass fixation, 3.5-mm screws (titanium) with
a length of 16 or 18 mm were used (Ennovate Cervical Sys-
tem, Aesculap AG, Tuttlingen, Germany). The instrumenta-
tion was performed from C3—-C6. To ensure a standardized
instrumentation irrespective of the amount of bone removal,
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an embedding fixture was used, which kept the initially
embedded native segment condition constant. The opera-
tions were performed by a board-certified neurosurgeon with
ample experience in spine surgery (IF).

The surgical procedure to perform bilateral decompres-
sion via hemilaminectomies was as follows (Fig. 1). First,
the medial borders of the facet joints were identified, allow-
ing a hemilaminectomy of C4 and C5 using a spherical dia-
mond drill and a Kerrison rongeur. Care was taken to pre-
serve the integrity of the facet joints. The next step was the
removal of the base of the spinous processes with a 5-mm
spherical diamond drill, beginning at the medial edge of the
hemilaminectomies and ending near the contralateral medial
part of the facet joints, thereby thinning the inner contralat-
eral hemilaminae. Then, bilateral undercutting of the adja-
cent intact laminae was performed. The yellow ligament was
thinned out dorsolaterally in the vicinity of the nerve roots.
With a sharp hook, the lateral ligament edge on the side of
the approach was elevated. Lastly, the ligament was removed
with a Kerrison rongeur until the very first segment of the
contralateral dorsal nerve roots was exposed. For the follow-
ing segment conditions UFZ and BFZ, a foraminotomy was
added uni- or bilaterally. Finally, for the segment condition
LAZ, laminectomy of C4 and C5 was performed using a
Kerrison Rongeur and a diamond drill to remove the con-
tralateral hemilaminae and spinous processes of the involved
segments.

For stabilization, the facet joints and lateral masses were
identified, and screws were placed bilaterally with the tech-
nique described by Magerl et al. [12]. Rods of appropri-
ate size were selected and bent to match the contour of the

“MM

lateral masses and secured by set screws (segment conditions
BDF, UFF, BFF, LAF). Starting with the native condition,
measurements were performed after each subsequent step of
bony removal, without and with stabilization. The sequence
of measurements is depicted in Fig. 2.

The test method complies with the testing criteria for
spinal implants [13]. The specimens were loaded with + 2.5
Nm for flexion/extension, lateral bending and axial rotation
at room temperature on a spinal simulator based on the prin-
ciples of Crawford et al. [14]. The load cycle consists of a
displacement-controlled loading phase with velocity of 3°/s
due to the laxity of the specimen followed by a load-con-
trolled phase starting at 2% below the maximum load (2.5
Nm) which was kept constant for 1 s once the maximum load
(2.5 Nm) was reached. The kinematics, i.e., the six compo-
nents of motion according to Panjabi [15], were measured
with a non-contacting three-dimensional ultrasonic motion
analysis system (Zebris, Isny, Germany) across the entire
non-embedded, free length of the specimen. The character-
istic parameters range of motion (ROM) and neutral zone
(NZ) were analyzed from the hysteresis curves of the third
loading cycle, according to Wilke et al. [13].

For statistical analyses on ROM and NZ to determine dif-
ferences between the specific segment conditions, repeated-
measures analysis of variance followed by a post hoc test
(Least Significance Difference Test) was performed. Prior to
analysis, the normal distribution of the data (p-p plots) and
the homogeneity of variance (Levene test) were verified. A
significance level of p =0.05 was defined, and all statistical
analyses were performed using Statistica 13 (TIBCO Soft-
ware, Inc.).

i . P
*Plus

*Plus
Fixation Fixation
(=BDF) (=UFF)
N P
M

*Plus
Fixation
(=BFF)

Fig.2 Flowchart depicting the sequence of measurements of the
single segment conditions. (M measurement, BDZ unilateral hemi-
laminectomy with bilateral decompression; BDF unilateral hemi-
laminectomy with bilateral decompression + fixation, UFZ unilateral
hemilaminectomy with bilateral decompression and unilateral forami-
notomy, UFF unilateral hemilaminectomy with bilateral decompres-

*Plus
Fixation
(-LAF)

sion and unilateral foraminotomy + fixation, BFZ unilateral hemilami-
nectomy with bilateral decompression and bilateral foraminotomy,
BFF unilateral hemilaminectomy with bilateral decompression and
bilateral foraminotomy + fixation, LAZ laminectomy, LAF laminec-
tomy + fixation)
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Results

The ROM and NZ results for all tested segment conditions
are summarized in Table 1. For better visualization of the
data, the ROM and NZ results (Fig. 3) of the tested condi-
tions are depicted relative to the native condition (NAT),
where the NAT is equal to 100%.

For flexion/extension, the total ROM of BDZ (—9.3%
difference to native condition), UFZ (- 7.1%), BFZ
(—=3.7%) and LAZ (- 1.4%) remained at the level of
native condition (p > 0.74), whereas instrumentation
(BDF [-61.3%], UFF [—57.3%], BFF [—55.3%] and LAF
[—54.4%]) led to significant reduction in ROM (p <0.01)

without significant differences between BDF, UFF, BFF
and LAF, respectively (p > 0.70) (Fig. 3).

For lateral bending, the total ROM of BDZ (—7.6% dif-
ference to native condition), UFZ (—9.6%), BFZ (—2.8%)
and LAZ (—1.3%) remained at the level of native condi-
tion (p>0.62), whereas instrumentation (BDF [—58.8%],
UFF [ —56.1%], BFF [ —55.0%] and LAF [ —53.0%]) led to
significant reduction in ROM (p < 0.01) without significant
differences between BDF, UFF, BFF and LAF, respectively
(p>0.71) (Fig. 3).

For axial rotation, the total ROM of BDZ (- 6.2% dif-
ference to native condition), UFZ (- 10.7%), BFZ (+ 3.4%)
and LAZ (+7.8%) remained at the level of native condition
(p>0.59), whereas instrumentation (BDF [— 66.0%], UFF

Table 1 Summary of range of motion (ROM) and neutral zone (NZ) results of all tested segment conditions

Condition ROM (=SD) [°] NZ (£SD) [°]
Flexion/extension (FE) Flexion/extension (FE)
NAT 15.6 (+6.2) 7.7 (£5.0)
BDZ 14.6 (+6.8) 8.8 (+5.0)
BDF 6.2 (+3.0) 32(x2.2)
UFZ 14.7 (£6.2) 7.8 (+4.6)
UFF 6.8 (+3.0) 3.5(x2.5)
BFZ 152 (+6.4) 8.9 (+4.8)
BFF 7.2 (%£3.3) 39 (3.1
LAZ 15.7 (+6.7) 7.0 (=4.5)
LAF 7.4 (£3.5) 3.9 (x2.8)
Condition ROM (+SD) [°] NZ (+SD) [°]
Lateral bending (LB) Lateral bending (LB)
NAT 11.1 (£3.4) 5.6 (£2.7)
BDZ 10.6 (£4.7) 5.9 (£3.6)
BDF 4.6 (£1.4) 2.2 (x1.5)
UFZ 10.2 (+3.8) 5.7 (*3.1)
UFF 48 (x1.1) 2.2 (+1.6)
BFZ 10.9 (+3.8) 6.0 (+3.3)
BFF 49 (x£1.3) 23 (x1.5)
LAZ 11.1 (£3.9) 6.1 (+3.3)
LAF 52 (x1.5) 23 (x1.8)
Condition ROM (+SD) [°] NZ (+SD) [°]
Axial rotation (AR) Axial rotation (AR)
NAT 11.1 (£3.4) 5.6 (£2.7)
BDZ 10.6 (+4.7) 5.9 (£3.6)
BDF 4.6 (=1.4) 2.2 (x1.5)
UFZ 10.2 (£3.8) 5.7 (£3.1)
UFF 4.8 (x1.1) 2.2(x1.6)
BFZ 10.9 (£3.8) 6.0 (+3.3)
BFF 4.9 (x1.3) 23 (x1.5)
LAZ 11.1 (£3.9) 6.1 (£3.3)
LAF 5.2 (x1.5) 2.3 (x1.8)

Absolute values: mean [+ standard deviation (SD)]

@ Springer
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Fig.3 Range of motion (ROM) and neutral zone (NZ) of the subaxial
cervical spine (C2-C7). The different segment conditions are normal-
ized to the native situation representing 100%. NAT native, BDZ uni-
lateral hemilaminectomy with bilateral decompression, BDF unilat-
eral hemilaminectomy with bilateral decompression + fixation, UFZ
unilateral hemilaminectomy with bilateral decompression and unilat-

[—60.7%], BFF [—55.8%] and LAF [—53.2%]) led to sig-
nificant reductions of ROM (p <0.01) without significant
differences between BDF, UFF, BFF and LAF, respectively
(p>0.49) (Fig. 3).

The results for the NZ showed equivalent values com-
pared to ROM in flexion/extension and lateral bending.
For axial rotation, the NZ remained almost constant on the
native level for all tested segment conditions (Fig. 3).

Discussion
Key findings

After encouraging initial clinical results, we replaced the
standard anterior and posterior operations for spinal cord

BDZ BDF UFZ UFF BFZ BFF LAZ LAF

eral foraminotomy, UFF unilateral hemilaminectomy with bilateral
decompression and unilateral foraminotomy + fixation, BFZ unilateral
hemilaminectomy with bilateral decompression and bilateral forami-
notomy, BFF unilateral hemilaminectomy with bilateral decompres-
sion and bilateral foraminotomy + fixation, LAZ laminectomy, LAF
laminectomy + fixation

decompression in patients with CSM by hemilaminec-
tomy with bilateral decompression (BDZ). As being a new
method, long-term follow-up data will not be soon available,
and the rate of postoperative loss of lordosis or kyphosis
will remain unknown. Until now, an interim analysis of our
current prospective study concerned with the clinical evalu-
ation of patients undergoing BDZ (study number 20/2/14)
showed improvement in the Neck Disability Index (NDI)
without the development of kyphosis in lateral X-ray stud-
ies. For knowing if BDZ, especially if combined with uni- or
bilateral foraminotomy, might nevertheless have a destabi-
lizing effect on the cervical spine, we decided to conduct
a biomechanical study. The key finding is that BDZ, UFZ,
BFZ do not decrease the stability of the cervical spine. An
interesting finding was that also laminectomy (LAZ) did not
produce an increase in the ROM in flexion/extension, lateral

@ Springer
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bending and axial rotation. An expected finding was that
instrumentation reduced the ROM significantly.

Experimental protocol

The experimental protocol applied in this study is based on
the current recommendations for in vitro testing of spinal
implants [13—-15]. The motion measurements were per-
formed by means of a three-dimensional ultrasonic motion
analysis system across the non-embedded free length of the
specimen (i.e., from C2-C7). The embedding fixture ena-
bled us to perform a standardized procedure for the distinct
surgical steps from C3—C6. Because we applied pure uncon-
strained moments, the measurement across the intact disk at
the level of C2/ C3 and C6/C7 is an appropriate method for
evaluating the motion behavior of different types of instru-
mentation between C3 and C6 [16].

Other studies

Other data derived from in vitro studies on the biomechani-
cal properties of cervical hemilaminectomy are actually
scarce. Wu et al. [17] established an animal model in sheep
to assess biomechanical changes after unilateral hemilami-
nectomy and different degrees of facetectomy. They per-
formed no operation (group A), C4—C6 unilateral hemilami-
nectomy (group B), C4—-C6 unilateral hemilaminectomy
and partial (50%) ipsilateral C4—C5 facetectomy (group C),
C4—-C6 unilateral hemilaminectomy and complete ipsilat-
eral C4—C5 facetectomy (group D) in five sheep, respec-
tively. After 24 weeks, fresh cervical spine specimens were
acquired and biomechanically tested. ROM in flexion—exten-
sion and lateral bending in group D (unilateral hemilami-
nectomy and complete ipsilateral C4—C5 facetectomy) was
significantly greater than that in group A and B, whereas
ROM in axial rotation in group D was not higher than that
in group A and B. They concluded that unilateral hemilami-
nectomy does not affect cervical stability and that unilateral
hemilaminectomy and partial ipsilateral facetectomy do not
affect long-term cervical stability, thereby supporting our
results. Wu et al. proposed that unilateral hemilaminectomy
and complete ipsilateral facetectomy can lead to long-term
instability. However, complete facetectomy is not neces-
sary in hemilaminectomy with bilateral decompression for
CSM. Xie et al. modified a validated nonlinear finite element
model (FEM) of the intact cervical spine (C2-C7) to study
the biomechanical changes of multilevel laminectomy, mul-
tilevel hemilaminectomy and unilateral multilevel interlami-
nar fenestration with or without unilateral facetectomy for
the treatment of intradural tumors at the levels C3—-C6 [18].
The less invasive approaches of unilateral interlaminar fen-
estration and hemilaminectomy mostly preserved the flex-
ion motion (more than 48%) of the cervical spine compared

@ Springer

to laminectomy, thus minimizing the risk of postoperative
spinal instability and disk degeneration. Hashiguchi et al.
performed a biomechanical study of cervical posterior
decompression and examined the dynamic characteristics
of different operative procedures using three-dimensional
FEMs [19]. They created models for the preoperative status,
laminectomy, Z-plasty, open door laminoplasty, French open
door laminoplasty, en bloc laminoplasty and double-door
laminoplasty, respectively. Unfortunately, the less invasive
alternative of hemilaminectomy with bilateral decompres-
sion was not investigated in their study.

Limitations

There are some limitations to our study. The method of
applying pure moments does not fully reflect physiological
loading, as compressive and shear forces cannot be consid-
ered. Furthermore, the influence of muscle stability could
not be addressed, although it is well known that muscles
have a strong impact on the stability of the cervical spine.
In addition, we only investigated the primary stability of the
different decompression techniques without and with fixa-
tion. There might be differences between the various non-
instrumented decompression techniques after cyclic loading,
which are not obvious after testing for primary stability. This
might explain the preservation of spine stability even after
laminectomy, because the effects of the removed posterior
ligaments will probably only become apparent after exten-
sive cyclic loading. It must also be considered that a change
in the number of hemilaminectomies could lead to different
biomechanical results. Also, the mean age of the specimen
of 80 years may be a minor limitation to the study, as the
flexibilty of the spine decreases with increasing age and cer-
vical myelopathy predominantly affects patients in their 7th
decade of life.

Based on our results, we further believe that BDZ is a
viable, less invasive treatment option for decompression of
CSM in patients with straight or lordotic cervical alignment
and absence of segmental instability. If required because of
accompanying radiculopathy, uni- or bilateral foraminotomy
can be added without risking increased instability of the
spinal segment.

Conclusions

Compared to laminoplasty and laminectomy, BDZ without
or with uni- or bilateral foraminotomy might offer advan-
tages, being the avoidance of destabilizing bilateral muscle
detachment and the need for implants.
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