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Abstract

Background: Facetectomy, an important procedure in the in—out and out-in techniques of transforaminal endo-
scopic lumbar discectomy (TELD), is related to the deterioration of the postoperative biomechanical environment and
poor prognosis. Facetectomy may be avoided in TELD with large annuloplasty, but iatrogenic injury of the annulus
and a high grade of nucleotomy have been reported as risk factors influencing poor prognosis. These risk factors may
be alleviated in TELD with limited foraminoplasty, and the grade of facetectomy in this surgery can be reduced by
using an endoscopic dynamic drill.

Methods: An intact lumbo-sacral finite element (FE) model and the corresponding model with adjacent segment
degeneration were constructed and validated to evaluate the risk of biomechanical deterioration and related post-
operative complications of TELD with large annuloplasty and TELD with limited foraminoplasty. Changes in various
biomechanical indicators were then computed to evaluate the risk of postoperative complications in the surgical
segment.

Results: Compared with the intact FE models, the model of TELD with limited foraminoplasty demonstrated slight
biomechanical deterioration, whereas the model of TELD with large annuloplasty revealed obvious biomechanical
deterioration. Degenerative changes in adjacent segments magnified, rather than altered, the overall trends of biome-
chanical change.

Conclusions: TELD with limited foraminoplasty presents potential biomechanical advantages over TELD with large
annuloplasty. latrogenic injury of the annulus and a high grade of nucleotomy are risk factors for postoperative bio-
mechanical deterioration and complications of the surgical segment.
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Background

The discovery of the Kambin triangle [1] was rapidly fol-
lowed by the enhanced use of transforaminal endoscopic
lumbar discectomy (TELD) for the treatment of lumbar
disc herniation (LDH) [2]. Facetectomy is an important
procedure in the in—out and out—in techniques of TELD
[3-5]. The procedure involves foramen enlargement
via the removal of part of the superior articular process
(SAP) and ligamentum structures [6—8]. Facetectomy is
useful for expanding the surgical field and decompressing
the exiting nerve root, especially in patients with fora-
men stenosis [4, 9-12].

The zygapophyseal joint (Z]) guides spinal motion,
transfers a substantial amount of the compressive load
and bending and shearing moments (i.e. limits excessive
motion) and protects structures in the functional spinal
unit (FSU) [13-20]. Pathological changes in spinal load
distribution may occur after high-grade facetectomy,
resulting in injury to the surgical FSU, which is a risk fac-
tor for symptom recurrence and disc degeneration [16,
21-23]. The ZJ is an important structure for maintain-
ing spinal stability [13, 14, 24]. Instability in the surgical
segment caused by facetectomy is a risk factor for biome-
chanical deterioration, which results in degeneration of
the surgical FSU and poor long-term prognosis [19-22,
25]. These deductions are consistent with the findings of

our published finite element (FE) numerical studies [26—
28], which demonstrated that a higher grade facetectomy
might be associated with biomechanical deterioration
and lumbar instability; these changes may be related to
further degeneration and symptom recurrence [27-29].
Because axial rotation could enhance the vulnerability
of the posterior annulus and the Z] could restrict lumbar
spinal motion under axial rotation, iatrogenic injury of
the SAP in TELD may also increase the risk of annulus
tear, recurrence of related symptoms and acceleration of
disc degeneration [17, 18, 24, 30].

The standard in—out technique could be modified to
avoid facetectomy in TELD for patients without fora-
men stenosis. In this modification, hereafter referred to
as large annuloplasty, the cannula is inserted into the disc
space via the Kambin triangle. The herniated disc is then
removed without damage to the SAP (i.e. without facet-
ectomy) by pressing down on the cannula and using dif-
ferent sizes of bending forceps. This technique avoids the
related risks of biomechanical deterioration and postop-
erative complications (Fig. 1).

Despite the benefits of modification, however, the opti-
mised in—out surgical strategy retains its original defects,
which may also lead to poor clinical outcomes. Specifi-
cally, the risk of recurrent lumbar disc herniation (RLDH)
has been reported to increase dramatically with the
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expansion of the annulus tear (i.e. by over 25% when the
annulus tear is larger than 6 mm) [31-35]. The strength
of the scar tissue in the outer lamellae of the annulus is
insufficient to prevent RLDH [36, 37]. Considering that
the diameter of our working cannula is 7.5 mm (Type
WTS127502, Joimax International, Irvine, CA, USA) and
its insertion would inevitably lead to iatrogenic injury of
the annulus, a higher grade of nucleotomy in the modi-
fied in—out TELD technique appears to be necessary to
prevent RLDH (Fig. 1) [3]; unfortunately, this surgical
strategy also presents limitations.

Preservation of the residual nucleus postoperatively is
important to maintain spinal biomechanical function [19,
38, 39]. A high grade of nucleotomy may lead to the path-
ological distribution of stress in the annulus and render
the latter vulnerable to fatigue damage under cyclic load-
ing [38—41]. Such damage may result in annulus tears,
which could accelerate disc degeneration. Disc collapse
could also be accelerated by this pathological process [16,
39, 40], and the risk of lumbar instability may increase
on account of the laxity of soft tissues. The incidence
of foramen stenosis could increase as a result of the
decrease in foramen cross-sectional area (CSA) follow-
ing the collapse of the surgical FSU without facetectomy
[24, 25, 42]. Hence, a higher incidence of symptom recur-
rence may be observed in patients with higher grades of
nucleotomy [16, 23]. The collapse of the surgical segment
and disc degeneration may also lead to irregular second-
ary spinal load transmission, which has been proven to
increase the load of the ZJ cartilage and the risk of ZJ
osteoarthritis (ZJOA), hypertrophy of the articular pro-
cess and spinal stenosis [43—45]. Thus, a higher grade of
nucleotomy, the remedial action prescribed to reduce the
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risk of RLDH caused by iatrogenic annulus tears in the
in—out technique, may lead to greater risks of poor clini-
cal outcomes and low satisfaction in patients after TELD
[32].

A high grade of nucleotomy as a remedial procedure
for iatrogenic annulus injury is not usually necessary in
the out—in technique of TELD. If the size of the origi-
nal annulus tear is less than 6 mm, the residual annulus
tissue is not generally expected to lead to serious clini-
cal symptoms [46]. Nucleotomy could be accomplished
along the original annulus tear without any iatrogenic
annulus injury. Discectomy can be accomplished in
patients with the contained type of LDH (i.e. LDH with
an intact annulus) by using bipolar radiofrequency to
produce a small slit (i.e. less than 6 mm) in the annulus;
in this case, higher grades of nucleotomy are unneces-
sary. Facetectomy may be limited by endoscopic dynamic
drill for which could be accomplished precisely under
direct version with its assistance. In our clinical practice,
we successfully restricted the grade of facetectomy to less
than one-third for patients without foramen stenosis and
protected the Z] cartilage and capsule (Fig. 1 and Fig. 2).
More importantly, the controllable risk of postoperative
spinal instability and biomechanical deterioration after
endoscopic nucleotomy with a low grade of facetectomy
was proven in our published studies [26—28].

Having established the above theoretical and practi-
cal foundation, we hypothesise that, even if an iatrogenic
injury of the SAP could be avoided, compared with TELD
with large annuloplasty, the modified out—in technique
of TELD, hereafter referred to as limited foramino-
plasty, presents potential biomechanical advantages. This
hypothesis was verified by examining the biomechanical
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effects of TELD with large annuloplasty and TELD with
limited foraminoplasty via validated three-dimensional
lumbo-sacral models. LDH patients are often middle-
aged or elderly, and degenerative changes in their original
discs may have potential impacts on the postoperative
biomechanical environment [23, 47, 48]. Herein, surgi-
cal simulations and FE analysis were accomplished using
models with and without degeneration. To the best of our
knowledge, this research is the first to provide real evi-
dence clarifying these issues.

Methods

Model construction

An intact FE model of L3-S1 was constructed in our
published studies [26, 28, 49]. The bone structures in
this model included cortical, cancellous and poste-
rior structures and the nonbony components included
intervertebral discs and Z] cartilages. The IVD con-
sisted of the nucleus core, the surrounding annulus
and cartilage endplates [50, 51], and the thickness of
the cortical structures and endplates was set to 0.8 mm
[47, 48, 52]. Ligaments and Z] capsules were con-
structed by cable elements [49, 53]. Facet cartilages
were defined by surface—surface contact elements, and
the gap between cartilages was set to 0.5 mm [47, 54].
In the model of disc degeneration in segments adjacent
to the surgical segment, the disc height was reduced
to 67%, the CSA of the annulus was increased by 40%
and the material properties of the annulus and nucleus
were modified according to previously published stud-
ies (Fig. 3) [23, 47, 48].

Page 4 of 13

Boundary and loading conditions

The intact models were set to be symmetric in the sag-
ittal plane to increase their computational efficiency by
allowing the unilateral calculation of the bending and
axial rotation loading conditions [27]. Different sizes
of hybrid elements were established in the FE models,
and the mesh was refined as thin structures and struc-
tures with large deformation [27, 49, 55]. A mesh con-
vergency test was performed on the intact models by
evaluating the change in maximum annulus shear stress
to ensure the computational credibility of a model; the
model was considered to be converged if the change
in computational value was less than 3%. All degrees
of freedom were fixed under the S1 inferior, stress and
moments were applied to the L3 superior [49, 56] and
the contact between facet cartilages was considered
frictionless [53, 56].

Model calibration and validation

During model calibration, the stiffness of the liga-
mentum structures was slightly modified within the
physiological range to reduce differences between
the computed biomechanical indicators and those
described in widely cited in-vitro studies [50, 56—61].
The reliability of the calibrated model was then ensured
by conducting multi-indicator model validation, which
was accomplished by comparing the computed range
of motion (ROM), intradiscal pressure (IDP) and disc
compression (DC) with the results of previous in-vitro
studies under different loading conditions [62-65].

Model without disc degeneration

Fig. 3 Intact 3D models constructed in the current study

Model with disc degeneration in L3-L4 and L5-S1 segments
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Simulation of TELD with large annuloplasty and which

with limited foraminoplasty

The right side of segment L4—L5 was selected to simulate
TELD. TELD with limited foraminoplasty was simulated
according to a reported surgical technique and our clini-
cal experience [4, 49]. In brief, a 3 mm long and 1 mm
wide incision was made on the annulus to simulate the
annulus tear. One-sixth of the nucleus around the inci-
sion was removed to simulate a low-grade nucleotomy.
The vertex of the facetectomy was located on the cranial
tip of the SAP, and one-third of the SAP and ligamentum
flavum (LF) was excised (Fig. 4) [6, 7, 26, 49]. The simu-
lation of TELD with large annuloplasty and intact SAP
was conducted by setting the original annulus tear as
the centre of working cannula insertion. The surround-
ing 7.5 mm area of the annulus was completely deleted to
simulate iatrogenic injury. One-third (i.e. twice the range
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of nucleotomy in TELD with limited foraminoplasty)
of the nucleus around the annulus tear was removed to
simulate a high-grade nucleotomy (Fig. 4). Pathological
changes caused by DD were simulated in segments L3—
L4 and L5-S1, and the surgical simulation was kept con-
sistent between models with and without DD (Fig. 4). The
FE models constructed in this study were named Models
1-6 to simplify the discussion (Table 1).

Results

Model validation

The computational accuracy (ACC) of the models is pre-
sented in Fig. 5. In this study, the ACC for all parameters
determined, except for DC in segment L3-L4, exceeded
90%. The ACC of DC in segment L3-L4 was 85.2%, and
the difference between our computational result and the
average value determined from an in-vitro study was

Intact annulus

Annulus tear caused
by cannula insertion

Intact articular process

Intact articular process

Large grade of discectomy

Annulus tear caused
by cannula insertion

Modified in-out TED with intact articular process

Original annulus tear

Original annulus tear

Small grade of facetectomy

Fig. 4 Surgical model construction and the corresponding imaging data

Original annulus tear

Small grade of facetectomy

Small grade of discectomy

TESSYS TED with a small grade of facetectomy
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Table 1 Summary table of named FE models

Models without disc
degeneration

Models with adjacent
segments disc
degeneration

Intact model 1
TELD models 2
with large
annuloplasty
TELD models 3 6
with limited
foraminoplasty

clearly less than one standard deviation [58]. Moreover,
DD in segments adjacent to the surgical segment led to
slight increases in IDP and decreases in facet contact
force (FCF) in the surgical segment, which is consistent
with published studies [23, 48]. Thus, we believe that our
models represent the actual biomechanical environment
well.

Biomechanical change in different models

The concept of FCF is emphasised here. FCF was not
recorded during flexion because cartilages under this load-
ing condition were not in contact. Besides, cartilages in the
bending side were in contact, and the opposite side of car-
tilages were in contact in the axial rotation condition. In
other words, FCF under left lateral bending is observed on
left-side cartilages, whilst FCF under left axial rotation is
observed on right-side cartilages and vice versa.
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Biomechanical indicators related to the acceleration
of DD, ZJOA, segmental instability and spinal stenosis
in the surgical segment were computed and recorded
(Figs. 6, 7, 8 and 9). Compared with the intact models,
the models simulating TELD with limited foraminoplasty
showed slight degenerative changes under most load-
ing conditions, whilst the models simulating TELD with
large annuloplasty revealed obvious biomechanical dete-
rioration. Most of the biomechanical indicators in the
surgical segment, except for FCF and ROM, deteriorated
with DD in adjacent segments, and the change trends of
the original biomechanical parameters in postoperative
models did not vary or clearly increase in the degener-
ated models.

Obvious biomechanical changes were observed dur-
ing bending and rotation to the surgical side (i.e. right
lateral bending and axial rotation). Specifically, a dif-
ference of over 40% in maximum von Mises stress and
strain energy was observed on the cartilage endplates
during right bending and rotation, and the difference
in cartilage strain energy under right rotation exceeded
100% in different postoperative models (Fig. 6). A differ-
ence in maximum shear and compressive stress of over
100% was noted under the condition of right rotation
(Fig. 7). Whilst the overall trend was identical to those
of the above indicators, changes in FCF and ROM in the
different models were relatively minor (Fig. 8). Foramino-
plasty could obviously enlarge the area of the foramen in
the surgical site, and the area in TELD models with large
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Fig. 6 Variations in biomechanical indicators related to ‘endplate-type’disc degeneration. F: flexion, E: extension, LB: left bending, RB: right bending,
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annuloplasty was even smaller than preoperative models
under extension and right bending conditions (Fig. 9).
Obvious biomechanical changes can be observed in
bending and rotation conditions to the surgical side (i.e.
right lateral bending and axial rotation). Specifically,
greater than 40% difference in maximum von-Mises
stress and strain energy on the cartilage endplates can be
observed in right bending and rotation conditions, and
the difference in the cartilage strain energy under right
rotation was even more than 100% in different postopera-
tive models (Fig. 6). Besides, more than 100% difference
in the maximum shear and compressive stress was evalu-
ated under right rotation condition (Fig. 7). In contrast,
while the overall trend was the same as the above indi-
cators, the changes of FCF and ROM in different models
were relatively minor (Fig. 8). Additionally, foramino-
plasty could obviously enlarge the area of foremen in
the surgical side, and which in TELD models with large
annuloplasty was even smaller than preoperative models
under extension and right bending conditions (Fig. 9).

Discussion

Objective of this study

This work evaluated the risks of biomechanical deterio-
ration and postoperative complications in the surgical
segment caused by TELD with large annuloplasty and
intact SAP and TELD with limited foraminoplasty and
without annuloplasty. Intact lumbo-sacral models with
and without disc degeneration and the corresponding
models obtained after the investigated operations were
performed were constructed, and biomechanical indica-
tors closely related to lumbar degenerative diseases were
computed and evaluated. The importance of the biome-
chanical environment for achieving positive postopera-
tive clinical outcomes has been repeatedly demonstrated
[23, 49, 51]. Thus, investigations on the biomechanical
changes caused by two different surgical techniques of
TELD are of great significance for optimal surgical strat-
egy selection.

Notable points in the model construction process

Adjacent segments, rather than the surgical segment
itself, were selected to construct the DD models. This
model construction strategy is based on our clinical
experience. As mentioned earlier, DD is very common in
TELD patients. This nature of degenerative change may
not always lead to serious clinical symptoms but could
adversely affect the biomechanical environment in adja-
cent segments [23, 47, 48]. Hence, simulations of disc
degeneration are meaningful for the evaluation of real
postoperative biomechanical environments. Disc collapse
during DD could lead to reductions in the CSA of the
Kambin triangle, and the risk of exiting nerve root injury

Page 9 of 13

in a degenerated disc increases during the insertion of
the working cannula without facetectomy [66, 67]. As
such, LDH with a narrow disc space may be considered
a contraindication for the application TELD with large
annuloplasty, and the surgical segment was excluded dur-
ing the construction of degenerative change models.

Although Z] degeneration has been closely related to
DD [43, 45, 57, 68] and some FE studies have constructed
Z] degenerative models by reducing the facet gap [47,
56], in this work, we abandoned the construction of Z]
degeneration. The gap thickness of the Z] should reflect
the cartilage wear, sclerosis and hyperplasia of subchon-
dral bone [59, 69, 70], but these pathological processes are
difficult to simulate during model construction. Specifi-
cally, decreasing the facet gap by increasing the thickness
of the facet cartilage is completely contrary to the patho-
logical changes accompanying Z] degeneration. Besides, if
the gap is reduced by increasing the thickness of the bone
tissue of the articular process, the definitions of mate-
rial properties for sclerotic subchondral bone structures,
which obviously differ from those of normal bone tissues,
become inaccurate [15, 71, 72], and the casual definition
of material properties without reliable data will reduce the
credibility of this study. Hence, we chose to construct DD
models without a change in facet gap [48, 56].

The grades of facetectomy in the out—in TELD models
and discectomy in the in—out TELD models were set as
one-third, consistent with the maximum value we have
observed in our clinical practice. This modelling strategy
was selected because facetectomy and nucleotomy were
previously assumed to be the main reasons behind the
poor clinical outcomes obtained after these operations.
Therefore, higher grades of these two procedures could
lead to more pronounced biomechanical deterioration and
provide a clearer reference for evaluating these techniques.

Clinical significance of biomechanical indicators

Disc collapse and DD acceleration in the surgical segment
and the resulting secondary pathological changes are
the most significant causes of poor clinical outcomes in
patients following non-fusion lumbar surgery [33, 73, 74].
As reported by Adam et al., the injury of the endplates
and annulus may be considered two different pathways in
the DD process [21]. The maximum von Mises stress and
strain energy of the endplates were recorded to evaluate
the risk of DD caused by endplate lesions and ossifica-
tion. Endplates play a key role in pressure distribution.
Postoperative abnormal stress concentration on the end-
plates increases the risk of lesions in these structures [21,
75, 76] and may result in inflammatory responses, auto-
immune reactions and disc innervation, all of which are
considered significant triggers for DD acceleration and
increased risk of lower back pain (LBP) [50, 77-79].
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IVD is an avascular structure, and the most important
pathway for its metabolism is trans-endplate diffusion [80,
81]. According to Wolft’s law, the concentration of strain
energy, a type of compensatory reaction to endplate stress
concentration, may be considered a predictive factor for
IVD ossification [82, 83]. Occlusion of the trans-endplate
diffusion pathway could lead to DD acceleration [43, 79,
84, 85]. Endplate injury caused by abnormal stress con-
centration is closely associated with the disruption of the
annulus and may be reflected by the deterioration of the
biomechanical indicators of this structure, especially in its
post and post-lateral parts [21, 29, 81]. The concentration
of shear and compressive stresses has been proven to be
related to different types of annulus tears and the result-
ing DD, thereby resulting in discogenic LBP and RLDH
[22, 23, 84]. Hence, we can speculate that the above bio-
mechanical indicators are credible predictors for the
assessment of postoperative prognosis.

Foramen stenosis is another vital reason behind the
deterioration of clinical outcomes. Special attention
should be paid to models after in—out TELD with intact
SAP because the risk of foramen stenosis increases with
disc collapse caused by a higher grade of discectomy in
the surgical segment without foraminoplasty [73, 74,
86]. An increase in FCF is a risk factor for not only car-
tilage wear and the resulting degenerative osteoarthri-
tis of the ZJ [15, 44, 72], a trigger of LBP [22, 25, 45],
but also foramen stenosis because larger loads could
promote osteogenic activity [43, 82, 87]. More impor-
tantly, disc collapse and degeneration of the surgical
segment lead to pathological stress concentration on
the ZJ cartilages, resulting in degenerative osteoarthri-
tis and osteophyte formation [15, 45]. Lumbar insta-
bility, which has been proven to be related to LBP and
further DD, is an important cause of deterioration after
non-fusion surgery [85, 88, 89]. Therefore, ROM can be
used as an indicator not only for model validation but
also for the assessment of postoperative complications,
and close interactions were observed amongst different
biomechanical indicators.

Biomechanical deterioration can generally be observed
in models with DD. Although DD in adjacent segments
did not obviously exacerbate biomechanical deterioration
in the surgical segment, the vicious cycle of DD could be
observed; this finding highlights the significance of this
FE study from a novel perspective [21, 90]. Specifically,
in DD, the deterioration of the biomechanical environ-
ment caused by inappropriate surgery may be continu-
ously amplified and lead to a devastating prognosis.
Therefore, the selection and optimisation of a surgical
technique based on a biomechanical FE study are of great
significance.
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The risk of endplate calcification, annulus tears and
the resulting DD in the surgical segment may be remark-
ably accelerated in patients after TELD with large annu-
loplasty, and the potential risk they present to surgical
segment instability, ZJOA and the compression of exist-
ing nerve roots should be taken into consideration. The
biomechanical advantages of TELD with limited forami-
noplasty indicate that the risk of these complications is
generally lower in patients treated with this surgical
method.

These speculations are consistent with previously
published biomechanical reports. Specifically, nucleus
removal could lead to the concentration of von Mises
and compressive stresses on the annulus, particularly
on the posterior and post-lateral rings of the structure,
resulting in an increased risk of developing annulus
microfractures and disc collapse [38, 91, 92]. In-vitro
studies have noted an increase in FCF at denucleated
segments [93]. These biomechanical and morphologi-
cal changes have been reported to be initial triggers for
symptom recurrence and poor prognosis in patients
(32, 94].

Limitations

Firstly, ligaments were constructed by cable elements,
and simulation of LF excision was accomplished by
reducing the foramen CSA. Cable elements cannot
stimulate the folding, hypertrophy and calcification of
ligaments, and these pathological changes have been
reported to be vital risk factors for spinal stenosis and
nerve compression.

The proliferation of scar tissue on the annulus and its
biomechanical effects cannot be evaluated; this issue is
fairly common in FE studies. Considering that the size of
annulus breakage is an important variable in this study,
biomechanical changes brought about by the formation
of annulus scar tissue, the strength of which cannot stop
RLDH, may also exert potential biomechanical effects
on patient prognosis. Hence, the current computational
results should be interpreted with an awareness of this
defect. Follow-up clinical studies are recommended to
obtain more definitive conclusions.

Conclusions

Biomechanical deterioration can be observed in in—out
TELD models with large annuloplasty and without fac-
etectomy. Annuloplasty caused by the insertion of the
working cannula and a high grade of nucleotomy to
prevent RLDH may result in poor clinical outcomes
for this surgical method. Modified out—-in TELD with
limited foraminoplasty appears to provide considerable
biomechanical advantages.
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