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Objective : To mitigate the risk of iatrogenic instability, new posterior decompression techniques able to preserve musculoskeletal 
structures have been introduced but never extensively investigated from a biomechanical point of view. This study was aimed to 
investigate the impact on spinal flexibility caused by a unilateral laminotomy for bilateral decompression, in comparison to the 
intact condition and a laminectomy with preservation of a bony bridge at the vertebral arch. Secondary aims were to investigate 
the biomechanical effects of two-level decompression and the quantification of the restoration of stability after posterior fixation.

Methods : A universal spine tester was used to measure the flexibility of six L2–L5 human spine specimens in intact conditions 
and after decompression and fixation surgeries. An incremental damage protocol was applied : 1) unilateral laminotomy for 
bilateral decompression at L3–L4; 2) on three specimens, the unilateral laminotomy was extended to L4–L5; 3) laminectomy with 
preservation of a bony bridge at the vertebral arch (at L3–L4 in the first three specimens and at L4–L5 in the rest); and 4) pedicle 
screw fixation at the involved levels. 

Results : Unilateral laminotomy for bilateral decompression had a minor influence on the lumbar flexibility. In flexion-extension, 
the median range of motion increased by 8%. The bone-preserving laminectomy did not cause major changes in spinal flexibility. 
Two-level decompression approximately induced a twofold destabilization compared to the single-level treatment, with greater 
effect on the lower level. Posterior fixation reduced the flexibility to values lower than in the intact conditions in all cases.

Conclusion : In vitro testing of human lumbar specimens revealed that unilateral laminotomy for bilateral decompression and 
bone-preserving laminectomy induced a minor destabilization at the operated level. In absence of other pathological factors (e.g., 
clinical instability, spondylolisthesis), both techniques appear to be safe from a biomechanical point of view.
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INTRODUCTION

Degenerative lumbar stenosis is a narrowing of the spinal 

canal due to hypertrophy and ossification of the f laval liga-

ment, bulging of the intervertebral disc as well as degenerative 

alterations of the facet joints23). Lumbar stenosis may provoke 

pain as well as various neurological symptoms and deficits, 

such as neurogenic claudication and intermittent pain radiat-

ing to the leg, which is exacerbated by prolonged standing or 

other activities27). The first choice medical treatment of lum-

bar stenosis is usually conservative10), but decompression sur-

geries are frequently performed in cases in which medication 

and physiotherapy do not sufficiently relieve pain and im-

prove function12).

The most consolidated lumbar decompression procedure is 

wide laminectomy, in which the laminae are removed to en-

large the neural space13,16). The procedure is frequently com-

bined with facetectomy, i.e., the additional removal of the facet 

joints25). Despite the high success rate of these techniques in 

relieving neurological symptoms1,13,22), clinical studies showed 

that wide laminectomy may provoke iatrogenic instability, 

therefore requiring concomitant or subsequent fixation and 

fusion9,18,26). Following the pioneering paper of Allen et al.2), in 

vitro studies investigating the biomechanics of laminectomy 

reported coherent results, in particular an increase of spinal 

f lexibility in all motion planes at the operated level after de-

compression21). In an in vitro study carried out on human 

specimens, Bisschop et al.4) found an increase of the range of 

motion (ROM) of 7.3% in f lexion-extension, 7.5% in lateral 

bending and 12.2% in axial rotation after facet-sparing lami-

nectomy. Similar values were found by other authors16,19,32). 

The mechanical strength of the operated level was also found 

to be significantly reduced3,5).

To mitigate the risk of iatrogenic instability, bone-preserv-

ing decompression techniques allowing for a better protection 

of the spine stability have been introduced7,8). In particular, bi-

lateral laminotomy and unilateral laminotomy for bilateral 

decompression are widely employed nowadays with good 

clinical results25). Laminectomy itself, which may be indicated 

in more severe cases in which a laminotomy may be insuffi-

cient to relieve the symptoms, has been refined by preserving 

a laminar bony bridge. However, despite the abundance of in 

vitro studies investigating the biomechanical effect of lami-

nectomy, the advantages of bone-preserving techniques in 

terms of spine f lexibility were never extensively investigated. 

Only a numerical investigation showed a minor effect on the 

ROM combined with a stress increase in the neural arch after 

minimally invasive decompression14). Nevertheless, in vitro 

UNI-1L

UNI-2L

BI-1L

BI-2L Experimental set-up
Fig. 1. Decompression and stabilization procedures performed on the specimens : unilateral laminotomy for bilateral decompression at L3–L4 (UNI-1L, 
n=6 specimens); bone-preserving laminectomy at L3–L4 (BI-1L, n=3); unilateral laminotomy for bilateral decompression at L3–L5 (UNI-2L, n=3); bone-
preserving laminectomy at L3–L5 (BI-2L, n=3). Experimental set-up used for load application and motion analysis with an optoelectronic motion 
analysis system (right).
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studies on human lumbar specimens subjected to bone-pre-

serving lumbar decompression were never conducted.

The aim of the present study was therefore to characterize 

the alterations of the spine flexibility caused by a recent widely 

used bone-preserving decompression technique, i.e., the uni-

lateral laminotomy for bilateral decompression in comparison 

to the intact conditions and a refined, bone-preserving lami-

nectomy procedure. Secondary aims were the investigation of 

the biomechanical effects of two-level decompression tech-

niques as compared with single level surgeries, and the quan-

tif ication of the restoration of f lexibility which may be 

achieved after posterior fixation with pedicle screws and rods.

MaTeRIals aND MeThODs

Six fresh-frozen human lumbar specimens not exhibiting 

major degenerative conditions (L2–L5; age, 32–68 years; me-

dian, 47 years) have been acquired after approval of the rele-

vant ethical committee. The specimens included vertebrae, 

intervertebral discs and spinal ligaments (anterior longitudi-

nal, posterior longitudinal, f laval, interspinous, supraspinous, 

capsular, whereas the intertransverse ligament was resected 

during the harvesting procedure). For all specimens, the prox-

imal and the distal end of L2 and L5 respectively were embed-

ded in polymethylmethacrylate (Technovit 3040, Heraeus 

Kulzer, Wehrheim, Germany) in order to allow for fixation to 

the apparatus used for biomechanical testing. Specimens were 

then sealed in triple plastic bags and stored at -20°C. Prior to 

testing, the specimens were thawed overnight at 4°C.

Biomechanical testing was performed by means of a custom 

frame able to apply pure unconstrained moments in the three 

anatomical planes30). ROM and neutral zone (NZ) were ac-

quired by means of an optoelectronic motion analysis system 

(Vicon MX13, Vicon Motion Systems Ltd., Oxford, UK) and a 

6 component load cell mounted above the specimen. Pure 

moments of 7.5 Nm were applied in flexion-extension, left and 

right lateral bending, left and right axial rotation31). For each 

motion, 3.5 loading-unloading cycles were performed, the 

first two of which were used for preconditioning whereas the 

latter full cycle was considered for data analysis.

An incremental protocol was used to investigate various 

types of decompression surgeries (Figs. 1 and 2). First, all 

specimens were tested in intact conditions. Then, a unilateral 

laminotomy for bilateral decompression (UNI-1L) was per-

formed at L3–L4 on the left side of all specimens7) and flexi-

bility testing was repeated. Subsequently, specimens were ran-

domly divided in two groups (n=3 for each group), in which a 

more extensive decompression was conducted at L3–L4 and at 

L3–L5 respectively. In the first group, a laminectomy with 

preservation of the facet joints and a laminar bony bridge, as 

routinely performed at the Department of Neurosurgery of 

Humanitas Clinical and Research Center, Rozzano, Italy, was 

performed at L3–L4 (BI-1L), followed by fixation with pedicle 

screws and titanium rods at L3–L4 (3LOCK, Sintea Plustek 

Srl, Assago, Italy). According to this surgical technique, only a 

Fig. 2. Schematic representation of the incremental protocol of decom-
pression and �xation. Intact : specimens before decompression, UNI-1L : 
after unilateral laminotomy for bilateral decompression at L3–L4, UNI-2L : 
after unilateral laminotomy for bilateral decompression at L3–L5, BI-1L : 
after bone-preserving laminectomy at L3–L4, BI-2L : after bone-preserv-
ing laminectomy at L3–L5, fixed : after posterior fixation with pedicle 
screws and titanium rods at L3–L4 or L3–L5.

Intact (n=6)

UNI-1L (n=6)

BI-1L (n=3)

Fixed (n=3)

UNI-2L (n=3)

BI-2L (n=3)

Fixed (n=3)
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bony bridge with a relatively small height and thickness is pre-

served in the vertebral arch, allowing for a conspicuous en-

largement of the spinal canal (Fig. 3).

In the second group, the unilateral laminotomy for bilateral 

decompression was first extended at L4–L5 (UNI-2L) and fol-

lowed by the bone-preserving laminectomy procedure de-

scribed above at both levels (BI-2L). The specimens were then 

treated with pedicle screws and rods at L3–L5. Flexibility test-

ing was repeated after each decompression and fixation step. 

A neurosurgical microdrill (Primado 2, NSK-Nakanishi Inc., 

Kanuma, Japan) was used to perform all decompression pro-

cedures.

After assessing the non-normality of the samples by means 

of the Shapiro-Wilk test, the Wilcoxon signed-rank test was 

used to assess if the unilateral laminotomy at L3–L4 induced 

a statistically significant alteration of ROM and NZ with re-

spect to the intact condition31). No statistics were performed 

on the other decompression procedures due to the limited 

number of specimens; results were therefore only qualitatively 

analyzed. The study has been approved by the Ethics Com-

mittee of Ulm University (IRB No. 72/16).

ResUlTs

UNI-1L at L3–L4 had a minor influence on the flexibility of 

the lumbar spine in all motion planes (Fig. 4). In f lexion-ex-

tension, the median ROM increased by 8% without statistical 

significance (p=0.17), whereas the increase of the median NZ 

was significant (+31%, p=0.04). In left lateral bending, signifi-

cant increases were revealed for both the median ROM and 

the NZ after unilateral laminotomy (+4% [p=0.02] and +29% 

Fig. 3. Photographs (top) and anteroposterior radiographic projections 
(bottom) of specimens after bone-preserving laminectomy at L3–L4 (left) 
and L3–L5 (right).

Fig. 4. Statistical comparison of the range of motion (ROM) and neutral 
zone (NZ) between the intact specimens and those subjected to unilater-
al laminotomy for bilateral decompression at L3–L4 (UNI-1L), in �exion-
extension, left and right lateral bending, left and right axial rotation. *A 
statistically signi�cant di�erence (p<0.05) between the intact and the de-
compressed condition (n=6).
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[p=0.02], respectively), whereas in right lateral bending no sig-

nificant alterations were detected. Similarly, left axial rotation 

showed a significant destabilization both in the median ROM 

(+47%, p=0.01) and NZ (+20%, p=0.02), whereas in the oppo-

site direction only a significant NZ increase was found (+26%, 

p=0.03). Based on these results, unilateral laminotomy for bi-

lateral decompression had a greater destabilization effect in 

ipsilateral rather than contralateral rotations.

Extending the decompression to a bone-preserving lami-

nectomy (BI-1L) at L3–L4 did not determine major changes in 

spinal f lexibility (Fig. 5). Nevertheless, in f lexion-extension 

two of the three specimens had a marked ROM increase (+9% 

and +81%), whereas the latter specimen was negligibly affect-

ed; NZs showed a similar trend. In lateral bending and axial 

rotation, both ROM and NZ were only marginally altered. 

Posterior fixation with pedicle screws and titanium rods 

strongly decreased ROMs and NZs in all cases.

Two-level decompression induced slightly higher changes in 

the spine flexibility (Figs. 6 and 7). The most evident effects of 

extending the unilateral laminotomy to L3–L5 were an in-

crease of both ROM and NZ in f lexion-extension at L4–L5, 

and of the ROM in axial rotation at the same level. The two-

level bone-preserving laminectomy (BI-2L) exacerbated the 

same effects. At the upper decompressed level (L3–L4), the ef-

fects of double-level decompression procedures were rather 

minor. Again, posterior fixation determined a major decrease 

of both ROM and NZ in all cases.

DIsCUssION

Bone-preserving decompression procedures are nowadays 

widely used for the treatment of lumbar stenosis and are pro-

Fig. 5. Changes in the range of motion (ROM) and neutral zone (NZ) of 
the L3–L4 motion segment (indicated by the arrow) due to incremental 
decompression performed at the same level, in flexion-extension, left 
and right lateral bending, left and right axial rotation. The gray areas indi-
cate the range between the maximum and minimum ROM and NZ 
among the three specimens, whereas the solid lines indicate the median 
value. Intact : specimen before decompression, UNI-1L : after unilateral 
laminotomy for bilateral decompression at L3–L4, BI-1L : after bone-pre-
serving laminectomy at L3–L4, �xed : after posterior �xation with pedicle 
screws and titanium rods at L3–L4.
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Fig. 6. Changes in the range of motion (ROM) and neutral zone (NZ) of 
the L3–L4 motion segment (indicated by the arrow) due to incremental 
decompression performed at the L3–L4 and L4–L5, in �exion-extension, 
left and right lateral bending, left and right axial rotation. The gray areas 
indicate the range between the maximum and minimum ROM and NZ 
among the three specimens, whereas the solid lines indicate the median 
value. Intact : specimen before decompression, UNI-1L : after unilateral 
laminotomy for bilateral decompression at L3–L4, UNI-2L : after unilateral 
laminotomy at L3–L5, BI-1L : after bone-preserving laminectomy at L3–
L5, �xed : after posterior �xation with pedicle screws and titanium rods at 
L3–L5.
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gressively replacing the use of wide laminectomy25). In addi-

tion to the preservation of a higher degree of spine stability 

here investigated, less invasive techniques allow reducing op-

erative time, minimizing blood loss as well as dural and radic-

ular complications6,11). The present in vitro study confirms 

that these techniques, in particular the unilateral laminotomy 

for bilateral decompression, are effective in preserving a physi-

ological stability of the operated level, both in terms of ROM 

and NZ in all motion planes. This finding is in contrast with 

available data about wide laminectomy, which was found to 

determine an increase of the spinal f lexibility after decom-

pression5,15,21).

Spinal instability has been defined as an abnormal response 

to physiological loads, such as increased flexibility and NZ20). 

Natural instability, i.e., not related to a surgical intervention 

such as decompression, has been associated to an early stage 

of disc degeneration17). Disc disruptions and tears have been 

indicated as the main determinants for spinal instability asso-

ciated to degeneration17), even if contrasting results have been 

reported24). Furthermore, biomechanical studies showed that 

dehydration of the nucleus pulposus due to the loss of proteo-

glycan content can also be responsible of increased f lexibili-

ty33). It should be noted that these degenerative changes are 

frequently occurring in the elderly patients requiring surgical 

decompression, and can therefore aggravate the effect of the 

iatrogenic lesion.

The study was based on a limited number of specimens 

(n=6). Indeed, the subdivision in two subgroups further re-

stricted the statistical validity of the study, as no statistical 

tests could be performed to evaluate the differences between 

UNI-1L, UNI-2L and laminectomy procedures. We ought to 

mitigate the relevance of this limitation by selecting specimens 

harvested from subjects with similar age, body weight and 

having minimal degenerative signs, thus reducing the vari-

ability among specimens. Nevertheless, a certain degree of 

variability among the specimens cannot be avoided and may 

have an influence on the results.

It should be noted that all specimens had no or minimal 

signs of lumbar stenosis, and are therefore not well representa-

tive of patients which may be subjected to decompression sur-

gery. This choice was dictated by the fact that specimens se-

lected to have lumbar stenosis are usually harvested from 

elderly subjects and exhibit other degenerative or pathological 

changes, in terms of both morphology and tissue composi-

tion, in combination to the canal narrowing, which may act as 

confounding factors. Selecting a homogeneous group of rela-

tively young and healthy specimens appeared therefore the 

most adequate option to investigate the specific biomechani-

cal effect of the decompression techniques.

Aside from intervertebral discs and spinal ligaments, no soft 

tissues were preserved in the specimens and thus included in 

the mechanical tests, following consolidated procedures ex-

tensively used in in vitro tests of human specimens31). Indeed, 

testing specimens including muscles and skin would be tech-

nically challenging and is not a viable option for most spine 

testers and loading systems. Nevertheless, the limited size of 

the surgical access is an essential part of a minimally invasive 

procedure, and an experimental evaluation of the biomechan-

ical influence of the size of the surgical access itself on the risk 

of instability would be valuable.

Fig. 7. Changes in the range of motion (ROM) and neutral zone (NZ) of 
the L4–L5 motion segment (indicated by the arrow) due to incremental 
decompression performed at the L3–L4 and L4–L5, in �exion-extension, 
left and right lateral bending, left and right axial rotation. The gray areas 
indicate the range between the maximum and minimum ROM and NZ 
among the three specimens, whereas the solid lines indicate the median 
value. Intact : specimen before decompression, UNI-1L : after unilateral 
laminotomy for bilateral decompression at L3–L4, UNI-2L : after unilateral 
laminotomy at L3–L5, BI-1L : after bone-preserving laminectomy at L3–
L5, �xed : after posterior �xation with pedicle screws and titanium rods at 
L3–L5.
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The experiments were carried out by using a pure moment 

loading protocol31), which did not allow for the investigation of 

the influence of decompression and fixation on the adjacent 

segments28). Although other studies reported alterations of the 

adjacent levels after application of a pure moment protocol4), it 

was demonstrated that they may be attributed to inaccuracies 

of the testing apparatus rather than to biomechanical reasons 

related to the surgical procedures28). Indeed, the evaluation of 

adjacent segment effects would be clinically valuable, espe-

cially after instrumented fixation, but no established protocols 

to correctly measure them in vitro currently exist.

Despite the limitations mentioned above, the present results 

provide the base for several clinically relevant remarks. First, 

bilateral decompression performed through a unilateral lami-

notomy had a minor influence on the stability of the operated 

level and can therefore be deemed as weakly relevant as a pos-

sible cause of iatrogenic instability. Indeed, statistically signifi-

cant increases of both ROM and NZ have been measured in 

lateral bending and axial rotation in the ipsilateral direction, 

but the median magnitude of the increases could be safely 

judged as marginal from a clinical point of view. In ipsilateral 

axial rotation, a marked relative ROM increase (+47%) was 

found, but it should be noted that it corresponded to an aver-

age destabilization of 0.4° in absolute terms. The same consid-

eration applies to the statistically significant increases of NZ, 

which are in absolute terms practically negligible. These find-

ings are in good agreement with the finite element predictions 

of Ivanov and coworkers14), who also reported a marginal de-

stabilization after minimally invasive decompression. The au-

thors however showed a significant stress gain in the remain-

ing portion of the neural arch, which may lead to fatigue 

fractures postoperatively. Due to the experimental nature of 

the present study, this remark could not be confirmed nor re-

futed, but it should indeed be taken into account in future in-

vestigations.

Despite statistical analysis could not be performed due to 

the limited number of specimens, the bone-preserving lami-

nectomy did not seem to create a marked instability with re-

spect to both the intact state and unilateral laminotomy for 

bilateral decompression. These findings are in contrast with 

previous biomechanical studies, in which laminectomy both 

with or without facetectomy generated a significant decrease 

of the spine stiffness at the operated level3,4,16,19,32). The bony 

bridge preserved in this technique therefore had a beneficial 

effect in terms of spine stability. Therefore, from a purely bio-

mechanical point of view, this surgical technique may be ad-

vantageous over wide laminectomy for cases in which a uni-

lateral approach is insufficient. However, prior to select any 

decompression technique including bone-preserving ones, we 

recommend performing flexion-extension X-rays pre-opera-

tively in order to assess the spine stability and thus to prevent 

the aggravation of already existing instabilities.

Testing of two-level procedures revealed that the biome-

chanical effect of both unilateral laminotomy and laminecto-

my was higher at L4–L5 than at L3–L4. Such result may be 

expected based on the higher f lexibility of the native lower 

lumbar spine in comparison to higher levels, related to the 

higher disc height and other anatomical characteristics such 

as facet orientation29). It should be noted that the specimens 

used in this study had minimal degenerative signs at both L3–

L4 and L4–L5, thus an association between possible degenera-

tive changes and the higher effect of decompression at L4–L5 

should be excluded. Taking into account the limitations of the 

study, it appears that a decompression at L4–L5 may be in 

principle more critical in terms of risk of iatrogenic destabili-

zation of the operated level. 

CONClUsION

In summary, in vitro testing of human lumbar specimens 

revealed that unilateral laminotomy for bilateral decompres-

sion induced a minor destabilization at the operated level in 

terms of ROM and NZ in the three motion planes. Bone-pre-

serving laminectomy also had a limited biomechanical effect. 

In absence of confounding factors which may be relevant in 

some specific clinical cases (e.g., clinical instability, spondylo-

listhesis) and taking into account that the clinical outcome of 

any decompression procedure does not depend only on bio-

mechanical factors, both techniques appeared to be safe from 

a biomechanical point of view.
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