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Abstract

Lumbar spine fracture is typically treated by means of screw fixation, the primary aim of which is to reduce fracture by
achieving bony union such that the spinal anatomy is restored. Pedicle screw fixation has certain advantages over conventional
vertebral screws, e.g. 3-column fixation and improved surgical alignment. However, expandable pedicle screws have been
reported to impart better anchorage as compared to conventional pedicle screws, both in case of healthy and osteoporotic
bone. The clinical studies notwithstanding, there is a paucity of preclinical investigations on expandable pedicle screws used
on lumbar vertebrae. By employing anatomically viable FE models, the present study intended to estimate stress—strain fields
of a functional spinal unit (FSU) of intact L4-L5 vertebra and to further compare the same with FSUs instrumented with
normal and expandable pedicle screws under different physiological loading condition. The various physiological loading
regimes appeared to have significant influence on the overall load transfer in the L4-L5 vertebrae. The expandable pedicle
screw predicted marginally improved anchorage as compared to the normal pedicle screws, with more contact area with the
bone resulting in higher stresses (~ 1.6 MPa) and high strain at the contact sites. This is indicative of improved stability albeit
having marginally greater risk of screw pullout. Greater area (15-80%) with peak stresses at the bone-screw interfaces also
indicates lesser degree of stress shielding. Thus, stability aside, one may expect to have lower loosening issues too with the
use of expandable pedicle screws.
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1 Introduction

A great number of the people across the globe suffer from
mild to severe lower back pain, the onset of which can some-
times be postoperative. The lower back pain was reported as
the second most symptomatic reason and overall fifth most
common reason for all the physician visits [1]. The most
common skeletal complaint of the spine and hip for elderly
people is osteoporosis with mortality rates ranging from 10
to 20% [2]. These osteoporotic fractures also cause exten-
sive pain and, in certain cases, disability, depression, and
increased dependency leading to diminished quality of life
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[2]. Each year, nearly 700,000 patients suffer from spinal
fractures known as vertebral compression fractures. Lum-
bar surgeries are predominantly performed 3 times more for
patients older than 60 years than younger ones [3, 4]. It may
be noted here that the lumbar spine helps in transferring the
weight to the pelvis and allows different bodily movements
during day-to-day activities [5-7].

During the pre-renaissance era and also during the two
world wars, different surgical techniques were tried by phy-
sicians to treat lumbar spine fracture. Vertebral and pedicle
screw fixations were introduced in the 1940s and became
popular ever since among spine surgeons [8]. The first case
of vertebral screw fixation started way back in 1944. How-
ever, the use of pedicle screw was well documented since the
1970s by Roy-Camille [8]. The primary aim of the surgeons
was to reduce fracture by achieving bony union, such that
the spinal anatomy is restored while delivering stability to
the posterior spinal devices [9].
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Pedicle screws offer stability of the posterior side with
rigid bony fixation by connecting the fractured bones [10].
The chief advantages of pedicle screws over conventional
bone screws are that they provide 3-column fixation, assist in
instrumentation of short segment, and also maintain desired
alignment [11, 12]. The success rate of pedicle screw fixa-
tion was found to be more than 80% in a 10-year follow-
up study [13]. In case of posterior fixation, however, it was
estimated that pedicle screw was the feeblest link [14, 15].
The primary failure of pedicle screw was found to occur
either due to screw loosening or screw root breakage [10,
14, 16-21]. Loosening of pedicle screw can be ascribed to
increased load sharing, high stress concentration caused by
bending, frequent loading—unloading, and prolonged bone
fusion [22-24]. Earlier studies suggested that bone mineral
density, insertion technique, and screw dimensions act as
necessary factors for screw stability [20, 25]. Patients with
osteoporosis have low bone mineral density and thus have
lower pullout strength at the fixation points [3, 26—28]. The
inferior bone quality in osteoporotic spine may pose a chal-
lenge for surgeons to operate as it may lead to complica-
tions in the neural structures owing to failure at bone-screw
interface [29-31]. Earlier studies suggested that sagittal
imbalance was a primary pathogenic cause of lower back
pain and its correction was essential for degenerative spinal
deformity [28, 32].

Expandable pedicle screws, on the other hand, have
many advantages over traditional pedicle screws because of
its capacity for better anchorage. Earlier studies indicated
that expandable pedicle screws provide better fixation due
to greater bone contact without any increase in diameter or
screw length [33]. The use of expandable pedicle screws
resulted in an increase of around 30% and 50% in pullout
strength in case of healthy and osteoporotic bone, respec-
tively, as compared to conventional pedicle screws [34].
This suggests that expandable pedicle screws tend to pro-
vide superior fixation strength in case of compromised bone.
For osteoporotic patients, expandable pedicle screw provides
less complications, quick and surgically satisfactory post-
operative effect, short operation time, and less intraopera-
tive bleeding [35]. Breakage of expandable pedicle screw
occurred for around 2.8% patients and 2.6% in total number
of screws that were placed [33]. The clinical studies not-
withstanding, there is, of course, a paucity of preclinical
investigations on expandable pedicle screws used on lumbar
vertebrae. Therefore, more rigorous investigations are war-
ranted to evaluate its performance, and to further ascertain
its competitive edge over other techniques, if any.

Over the last few decades, finite element (FE) analysis
has attained much popularity as a preclinical tool in ortho-
paedics and courtesy its non-invasive nature, novel designs
of implants have been studied in silico [36—41]. It has been
used extensively to solve many biomechanical problems
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owing primarily to low financial and computational cost, as
well as high precision simulation [38, 42]. It further reduces
the complexity of clinical or in vitro tests. In studies involv-
ing lumbar spine biomechanics, FE helped gain insights
at crucial sites, e.g. bone-screw interfaces under different
physiological conditions of spinal loads [43-46]. Thus,
evaluation of different spinal implants and development of
subject-specific implants have been attempted using FE [40,
42-45, 47, 48]. Nonetheless, a realistic FE model of the
spinal osteotomies is paramount in this regard, which may
successfully allude to more detailed preclinical insights and
thereby help clinicians choose the right implant [40, 49, 50].

It was estimated that failure was greatest (33% for sin-
gle level fusion) at L4-L5 level among all vertebral screw
fixation [8]. By employing anatomically viable FE models,
the present study intended to estimate stress—strain fields
of a functional spinal unit (FSU) of intact L4-L5 vertebra
and to further compare the same with FSUs instrumented
with normal and expandable pedicle screws under various
physiological loading conditions. Stress and strain results
for intact and implanted models, corresponding to various
physiological movements, were derived and subsequently
used to compare between the normal and expandable pedicle
screws. It is hypothesized hereto that expandable pedicle
screw may result in improved stability and more anatomic
load transfer as opposed to normal pedicle screw.

2 Materials and methods

An elaborate description of materials and method starting
from the development of virtual osteotomies until the in sil-
ico biomechanical investigations has been laid out piecemeal
under the following subcategories.

2.1 Development of the intact model

Figure 1a shows the CAD model of intact L4-L5 vertebrae.
All different parts of the FSU, i.e. the intact L4-L5 verte-
brae, are illustrated in Fig. 2. The virtual FSU was gener-
ated using the CAD models of L4 (model #3902) and L5
(model #3901) vertebrae, procured from the manufacturer
(Sawbones, Europe AB, Malmo, Sweden). The FSU was
anatomically placed using Rhinoceros CAD software (Rhi-
noceros v7.0, Robert McNeel & Associates Seattle, USA),
and modifications such as the Boolean operations were car-
ried out for digital separation of cortical and cancellous
bone. The average thickness of the cortical bone was consid-
ered to be 1.0 mm [51, 52]. Thereafter, annulus fibrosus and
nucleus pulposus comprising the intervertebral disc (IVD)
were curated. Around 43% of the whole disc volume was
occupied by nucleus pulposus [53]. The bony endplates and
cartilaginous endplates were given a thickness of 0.5 mm
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Fig.1 3D CAD models the L4-L5 FSU: (a) intact, (b) implanted with normal pedicle screw, and (c) implanted with expandable pedicle screw

[40]. Further, the facet cartilage was developed based on an
initial gap of 0.1 mm [40].

2.2 Development of the implanted models

Figure 1b and Fig. 1c demonstrate the CAD models of
implanted L4-L5 vertebrae with normal pedicle screw and
expandable pedicle screw, respectively. Lumbar loading
reconstruction is generally carried out by posterior pedi-
cle screw-rod fixation because of great loading conditions
[54]. Various parts of implanted L4-L5 vertebrae are dis-
played in Fig. 3. Transformational lumbar interbody fusion
(TLIF) has been reported to be a popular choice for the
treatment of degenerated lumbar spine and against prema-
ture pedicle screw loosening [55, 56]. As such, one-sided
total facetectomy was performed to virtually place the
TLIF cage (Ardis™, Zimmer Biomet, Warsaw, IN, USA,
26x 11x 12 mm) inside the FSU (Fig. 3). It was estimated
that enlarged screw diameter that optimally fits the pedicle
leads to a better screw stability [20, 21]. Cylindrical screws
of 60.0 mm length (body length: 26.5 mm; thread length:
33.5 mm), 6.0 mm shaft diameter, and 3.0 mm pitch hav-
ing triangular threads (angles: 90°, 36.7°, and 53.3°) were
considered for both normal and expandable pedicle mod-
els (Fig. 3). The normal pedicle screw design was based
on EXPEDIUM 5.5 system (DepuySynthes Spine, Inc.,

Raynham, MA), and expandable pedicle screw design was
adopted from Tai et al. (2015) [57]. The expandable pedi-
cle screw had an extension of around 2.0 mm in diameter
after the expansion [12]. For all the implanted models,
the removal of nucleus pulposus, cartilaginous endplates,
and left facet cartilage was performed as per the surgical
guidelines. Two rods, each 50.0 mm long having diameter
4.0 mm, were inserted through screw head for securing the
implants properly. It is extremely essential for the surgeons
to place the pedicle screws properly in order to have cor-
rect placement as well as to minimize the risk of revision
surgery [58]. The screws and the rods were inserted into
the vertebrae following proper angulation guidelines after
consulting with an experienced orthopaedic registrar (Max
Hospital, Mohali, India).

2.3 FE model generation and analysis

The FE models of both intact and implanted L4-L5 verte-
bra were generated using HyperMesh 2021.1 (Altair Engi-
neering Inc., Troy, MI, USA) (Figs. 2 and 3). A mesh con-
vergence study of intact L4-L5 FE model was performed in
order to optimize the element size for a trade-off between
accuracy and solution speed. Three FE models of differ-
ent element sizes were generated to estimate the depend-
ency on mesh density. Equivalent (von-Mises) stress of

@ Springer



2504

Medical & Biological Engineering & Computing (2022) 60:2501-2519

Cortical bone Intervertebral Disc (IVD)

"
Wravavay,
Avav,,
KOOSO
O ATATAVAY,
B N OOO0)

LF

SSL
ISL

S
SRS SSSEATT
AVAVAVAVAVAVAVAVAV AV, v 7o vavza)
N ‘ NWAVAVAVAVAVAY &, = SYAYS
NENNSPOOOOEKINSEE
NN KFOOORNSSS
7 VA VA o
| >

JAVATN
\VZAVAN

ZAVAVA VA
AVAVAVZ
S AVAVAVAVAVAY
VAVAVAVAV,S
SR
vy, %A*AV

Annulus Fibrosus

Cartilaginous endplate

Fig.2 The curated models of different parts of an intact L4-L5 FSU
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Fig.3 The curated models representing different parts of the two implanted L4-L5 FSUs

cortical and cancellous bone under pure compression was  third model [41]. Thus, the second model, which consisted
chosen for mesh convergence study. The von-Mises stress  of 647,837 elements in the entire implant-bone assembly
varied between 4 and 6% for the first two FE models, having maximum element size of 2.5 mm, was selected
whereas ~ 1-2% deviation was observed for second and  for further analyses. The solid models of bones and the
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implants were discretized into 4-noded unstructured tetra-
hedral mesh, wherein the average edge length was consid-
ered to be ~ 1.0 mm (Fig. 2 and Fig. 3). However, the six
ligaments, namely, anterior longitudinal ligament (ALL),
posterior longitudinal ligament (PLL), ligamentum flavum
(LF), intertransverse ligament (ITL), interspinous ligament
(ISL), and supraspinous ligament (ISL), were modelled
using 1D tension-only spring elements, termed as CGAP
elements (Figs. 2 and 4a). These elements can mimic
the soft tissue properties since they impart stiffness only
under tension [41], whereas in compression, the stiffness
becomes zero. Both LF and PLL were removed, however,
for all implanted models as per surgical guidelines (Figs. 3
and 4b and ¢).

All analyses were performed using ‘OptiStruct’ solver
of HyperMesh 2021.1. Considering stiffness as a function
of displacement, the nonlinear analysis was executed by
following piecewise linearity so that load was split into
small increments. Thus, the stiffness matrix was restruc-
tured after each increment of applied load. Newton—Raph-
son method was used to solve the equations iteratively
[59].

The contact analysis was solved using augmented
Lagrangian method, where L4 cartilage was considered
as slave (contact) and L5 cartilage as master body (tar-
get) in the contact pair [6]. It is important to note that
surface-to-surface contact elements were used (coefficient

Lateral l‘ Lateral ___
bending . bending
Torsion ; -> Torsion

Compression

Flexion qu Extension

[RBE3]

CGAP
elements Y
(for ligament)

Fixed constraint

(2)

Fig.4 The various physiological loading and boundary conditions
for (a) intact FE model, (b) implanted FE model for normal pedicle
screw, and (c¢) implanted FE model for expandable pedicle screw.
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of friction, u=0.2) [60] on both left and right side of the
facet cartilage interface of L4-L5 vertebrae.

2.4 Material properties

The material properties of cortical bone, cancellous bone,
and end plates were assumed to be linear, elastic, and iso-
tropic [17, 61]. For nucleus pulposus, low elastic modulus
(E=0.1 MPa) was applied with the aim of simulating incom-
pressible fluid-like behaviour [62]. The implant material was
considered to be titanium alloy (Ti-alloy) having Young’s
modulus of 110 GPa and Poisson’s ratio of 0.3. All material
properties are tabulated in Table 1.

The lengths of the ligaments were obtained from data
available in the literature [5]. The stiffness values of the
ligaments, as shown in Table 2, are estimated based on the
length, anatomical cross section, and Young’s moduli [51,
62, 63]. For calculating the ligament stiffness, the axial stiff-
ness formula, i.e. K=AE/L was used, where K is the geomet-
ric stiffness, A is the cross-sectional area, E is the Young’s
modulus, and L is the length of the ligament. The calculated
values were found to corroborate well with the literature [5].

2.5 Loading and boundary conditions
The analyses were performed for five loading conditions,

i.e. compression, flexion, extension, lateral bending, and
torsion, as described in our earlier work [6], and all load

Lateral

bendi'n'g'"ﬂ

Torsion

Compression

Flexionc\lq Extension

Compression

[RBE3]

Implant

Fixed constraint

(b) ()

‘RBE3’ denotes the rigid body element surrounding the L4 vertebra,
whereas ‘CGAP’ elements were defined to simulate ligament proper-
ties
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Table 1 Material properties
corresponding to various
components of the FSU
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Components Young’s modu- Poisson’s ratio References
lus (MPa)
Cortical bone 12,000 0.3 Lietal. (2014) [9], Goel et al. (2007) [48]
Cancellous bone 100 0.3 Lietal. (2014) [9], Goel et al. (2007) [48]
Bony endplate 1200 0.29 Lietal (2014) [9]
Cartilaginous endplate 23.8 0.4 Xu et al. (2016) [47]
Nucleus pulposus 0.1 0.49 Lietal (2014) [9]
Annulus fibrosus 9 0.4 Lietal (2014) [9]
Cage 110,000 0.3 Suetal. (2021) [31]
Pedicle screw 110,000 0.3 Wong et al. (2022) [61]
Ti rod 110,000 0.3 Wong et al. (2022) [61]

Table 2 Ligament properties

Ligaments Stiffness (N/mm)
Anterior longitudinal 45.20
Posterior longitudinal 26.49
Flavum 43.71
Intertransverse 2.77
Interspinous 35.50
Supraspinous 12.72

values loosely correspond to the body weight of an adult
person [6, 64]. A rigid body element (RBE3) was created
for the application of load (Fig. 4a, b, and c). Roughly at
the centre of top surface of L4 cortical bone, a ‘dependent’
node was selected, whereas all surface nodes of L4 cortical
bone were selected as ‘independent’ nodes. The loads were
applied at the central node of RBE3 and calculated based
on the weighted average of motions for all the surface nodes
of L4 cortical (Fig. 4) [6]. Thus, the loads were assumed
to be acting through the centre of gravity of L4. For axial
compression loading condition, a load of 500 N was applied
vertically downward. However, for flexion, extension, lateral
bending, and torsion, a 10 N-m moment plus an axial load
of 500 N acted upon simultaneously on the FSU [6, 64, 65].
For the purpose of FE analysis, all interfaces in the FSU—
intact and implanted—were assumed to be bonded under all
conditions [6]. All the bottom surface nodes of L5 cortical
of the FSU were constrained for all six degrees of freedom
[6, 51, 55] (Fig. 4).

3 Result
3.1 L4-L5 FSU: model validation based on ROM
The validation of the L4-L5 FSU (intact model) was per-

formed by comparing results of range of motion (ROM) vis-
a-vis various loading regimes, both based on experimental

data [65] as well as FE analysis reported erstwhile [64]
(Fig. 5). Under axial compression, the experimental study by
[65] reported a maximum relative displacement of 0.38 mm,
whereas the same was predicted to be 0.88 mm in the FE
study [64]. In our study, the predicted linear displacement
(in mm) under axial compression (Fig. Se) was found to lie
midway between the earlier two findings (~0.65 mm). In
case of flexion, extension, torsion, and lateral bending, the
ROM (calculated as angular displacements having unit in
degrees) versus load graphs were found to follow similar
trends and to agree reasonably with the literature (Fig. 5a—d).
All ROM values (in degrees) are shown in Table 3 for direct
comparison with data from the literature.

3.2 ROM of the implanted models

ROM was reported to be the highest in the intact spine
[66], and hence, for all ROM deviations in the implanted
models, intact spine was considered as the reference (i.e.
100%). Considerable reductions in ROM were predicted for
the implanted models while subjected to different loading
regimes. For normal pedicle screw models, the reductions
were found to be 74%, 75%, 63%, and 50% under flexion,
extension, torsion, and lateral bending, respectively. In case
of expandable pedicle screws, the respective reductions were
predicted in the order of 75%, 62%, 48%, and 39%.

3.3 Stress (von-Mises) for cortical and cancellous
bone

The equivalent (von-Mises) stress contours for the cortical
and cancellous bone of L4-L5 vertebrae, subjected to the
five physiological loading regimes, are presented in Fig. 6
and Fig. 7, respectively. Figure 8 depicts the stress contour
for cancellous bone in sectional view. While subjected to
torsion, high stress magnitudes in the order of ~50 MPa
(Fig. 6a) and~ 1.6 MPa (Fig. 7a) were predicted in corti-
cal and cancellous bone, respectively, in case of intact
FSU. Under extension, peak stress was found to be close
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Fig.5 Comparison of ROM values of the current intact FE model with those obtained from the literature: (a) flexion, (b) extension, (c) torsion,

(d) lateral bending, and (e) axial compression

to 50 MPa for cortical bone albeit at a localized region,
whereas for cancellous bone, the peak stress was ~0.9 MPa.
Under compression loading, however, the peak stresses were
predicted to be the least, i.e. ~ 15 MPa (Fig. 6a) for cortical
bone and ~0.7 MPa (Fig. 7a) for cancellous bone. The peak
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stresses were found towards the posterior side of the FSU,
except for lateral bending condition where the peak stress
was observed towards the anterior side (Figs. 6a and 7a).
For the implanted vertebrae with normal pedicle screw,
peak stresses of ~10 MPa for cortical and ~ 1.6 MPa for
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Table3 ROM (in degrees) of intact model during different physi-
ological movements

Flexion Extension Torsion Lateral

bending
Present study 3.0 2.7 2.1 1.9
Talukdar et al. (2021) [40] 3.2 3.1 2.3 3.1
Xiao et al. (2011) [65] 1.6 3.7 3.8 1.6
Zhong et al. (2006) [68] 24 23 32 3.7
Chen et al. (2001) [69] 4.5 39 2.0 2.0
Yamamoto et al. (1989) [67] 7.1 4.0 2.4 3.8

cancellous bone were predicted under compression, whereas
the same were found to be ~50 MPa and 1.6 MPa, respec-
tively, under extension (Fig. 6b and Fig. 7b). These higher
stress magnitudes were found at the site of screw insertion
for cortical bone and near the cage insertion area for cancel-
lous bone. Under lateral bending, the peak stress area was
found to be shifted towards the anterior side, more predomi-
nantly on L5 vertebra as compared to L4 vertebra (Figs. 6b
and 7b).

In case of expandable pedicle screw model, the highest
stress of ~ 1.6 MPa (Fig. 7¢) for cancellous bone was pre-
dicted under all the loading scenarios near the cage inser-
tion area. However, scattered regions of comparable stress
concentration were also predicted at the posterior side of L4
vertebra. In cortical bone, peak stresses (~50 MPa) (Fig. 6¢)
were predicted near posterior top side of L5 vertebra and
also near screw insertion area under extension. Relatively
moderate peak stress values (~45 MPa) were found under
torsion and lateral bending for cortical bone towards the
anterior side of L5 vertebra. The least amount of peak
stress values for both cortical (~30 MPa) and cancellous
bone (~ 1.4 MPa) were found under compression (Figs. 6¢
and 7c¢).

3.4 Strain (von-Mises) for cortical and cancellous
bone

The equivalent (von-Mises) strain contour for L4-L5 ver-
tebra for both cortical bone (Fig. 9) and cancellous bone
(Fig. 10) under five physiological loading conditions is
presented. In case of intact FSU, peak strains of ~0.0015
(Fig. 9a) for cortical bone and ~0.005 (Fig. 10a) for cancel-
lous bone were observed under torsion. Under compression
loading, peak strain was found to be below 0.0005 for corti-
cal bone (Fig. 9a) and under 0.003 (Fig. 10a) for cancellous
bone in case of intact FSU. The peak strain for both cortical
bone (Fig. 9a) and cancellous bone (Fig. 10a) was found
near posterior side of the FSU under all loading conditions
except for lateral bending.

For implanted L4-L5 vertebra with normal pedicle screw,
peak strains of ~0.002 for cortical bone (Fig. 9b) and ~0.007
for cancellous bone (Fig. 10b) were observed. However,
peak strains were predicted to prevail over relatively greater
area while subjected to extension load (Figs. 9b and 10b).
High strain area was predominantly found near screw inser-
tion in case of cortical bone and near cage area for cancel-
lous bone. For various loading cases, the peak strain was
estimated to be more in L5 than L4 vertebra (Figs. 9b and
10b). Following trends from stress results, the peak strain
area corresponding to expandable pedicle screws was found
to be greater than that in normal pedicle screws (Figs. 9c
and 10c¢).

3.5 Stress—strain behaviour of the IVD

Figure 11 represents the stress—strain curve for the IVD
obtained under compression load for the intact FSU. IVD
for intact and implanted models exhibit similar stress—strain
characteristics as shown in Fig. 11. The maximum stress in
the intact IVD was predicted to be 1.53 MPa corresponding
to a strain value of 0.157. However, compared to the intact
model, the maximum stresses in IVD for the implanted cases
were found to be less (0.9 MPa and 0.5 MPa, respectively,
for normal and expandable pedicled spine).

4 Discussion

The present study was aimed at carrying out a compara-
tive analysis between normal pedicle screw and expandable
pedicle screw with regard to their postoperative performance
in lumber vertebrae fixation. The implanted models were
preclinically assessed vis-a-vis intact L4-L5 FSU under dif-
ferent physiological movements to gain insights into their
biomechanical behaviour. This study is specifically helpful
to understand any deviation in load transfer and stability
occurring in the implanted bones with reference to the intact
condition.

Previous studies suggested that proper loading and bound-
ary condition play a significant role for biomechanical analy-
sis in lumbar FSU [40]. The validation of the model was
done considering the ROM under various loading conditions
[64, 65]. The loading conditions were obtained from the
available literatures [51, 64, 65]. Axial compression loading
of 500 N was applied vertically downward at the top surface
of cortical of L4. This type of loading may arise while stand-
ing. In all the other four loading conditions, the axial force of
500 N was considered together with the moment of 10 N-m.
The magnitude of moment was kept same in all four cases
of physiological movements though it differed in direction
depending on the load case (Fig. 4).
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Fig.8 Von-Mises stress contours (in MPa) in cancellous bone (sectional view) for (a) intact FSU and FSUs corresponding to (b) normal and (c)

expandable pedicle screw, respectively

The ROM of the intact L4-L5 model was validated
with previous studies and found to be in good agreement
with earlier reported literature [40, 64, 67-69]. Implanta-
tion led to a discernible reduction in ROM for most cases

@ Springer

[40]. The reduction in ROM was found to be the highest
in case of flexion—extension, and the least in case of lat-
eral bending. The reductions in ROM were lesser in case
of expandable pedicle screw model as compared to those
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for normal pedicle screw. Furthermore, the ROM values Application of different loading and boundary conditions
for the former were found to be relatively identical to the  used in FE models was found to have notable influence on
intact case, suggestive of a more anatomic functioning of  stress variations in lumber vertebrae. Earlier studies with
the implanted FSU. implants (pedicle screw) [59] reported stress concentration
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Fig. 10 Von-Mises strain contours in cancellous bone for (a) intact FSU and FSUs corresponding to (b) normal and (¢) expandable pedicle
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in the neck region of the screw for loading conditions, e.g.  (2021) [40], whereas the value of highest maximum stress
flexion, extension, lateral bending, and torsion. The stress  in cancellous bone was found to be quite in agreement with
distribution pattern in case of intact FSU was found to Xu et al. (2019) [46]. However, the peak stress was pre-
corroborate well with the predictions from Talukdar et al.  dicted across different locations, depending on the type of
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load. While subjected to torsion, the peak stress was pre-
dicted on the posterior side of L5 vertebra though under
lateral bending, it was found on the anterior side (Fig. 6a). It
can, therefore, be inferred that under lateral bending, stress
might be concentrated towards anterior side of the vertebrae.
Under torsion, regions having high stress concentration were
found to be less pronounced in L4 as compared to that under
flexion or extension (Figs. 6a and 7a). This perhaps could
be because the loading was more concentrated on L5 dur-
ing torsion. Moreover, the stress concentration was more
towards right side of L4 under flexion but on the left side
under extension (Figs. 6a and 7a). This can be attributed to
the direction of loading (moment).

The implantation of normal pedicle screws, expandable
pedicle screws, and cage resulted in a significant change of
stress contours (around 30-100%) for different loading con-
ditions. Marginally greater stress shielding was predicted in
case of the normal pedicle screw as opposed to expandable
pedicle screw under all loading scenarios (Figs. 6b and ¢
and 7b and c). The peak stress was found to be near base of
pedicle screw in cortical bone for all load cases. The reason
behind this was supposed to be due to high stress concen-
tration near pedicle area. Apart from the peak stress region,
the overall stress values were below 30 MPa for cases other
than compression. It could also be noted that for cancellous
bone the stress was higher near the cage insertion area for
both normal and expandable pedicle screws (Figs. 7b and ¢
and 8b and c).

Like stress, the strain distribution patterns for both cor-
tical and cancellous bone were found to be influenced by
the application of various loading condition. The equivalent
(von-Mises) strain under compression was found to corrobo-
rate well with previous literatures [40, 70]. The peak strain
was found to be the least under compression and the highest

under torsion for the intact L4-L5 vertebra (Fig. 9a). For
intact model, the peak strain area was predicted towards pos-
terior side of in L5 vertebra under torsion (Fig. 9a). How-
ever, the peak strain was found more towards anterior side
under lateral bending (Figs. 9a and 10a). The peak strain
area in L4 vertebra was found to be more in both flexion
and extension than torsion (Figs. 9a and 10a). Following
stress concentration pattern, strain was high towards right
side under flexion but on the left side of L4 under extension
(Figs. 9a and 10a) due to loading direction.

Under various physiological loading conditions, the
instrumentation of both normal and expandable pedicle
screws resulted in around 40-100% increase in peak strain
field. The peak strain was found near screw insertion area
in cortical bone (Fig. 9b and c¢) and near cage insertion area
in cancellous bone (Fig. 10b and c). The peak strain was
predicted to be the least under compression and the highest
under extension in the implanted bones (Figs. 9b and ¢ and
10b and c). Nonetheless, the peak strain values in the bone
were found to be considerably higher in case of expandable
pedicle screws.

It was estimated that fixation with expandable pedicle
screw provided greater fixation strength in case of compro-
mised bone. Compromised situation arises during osteopo-
rosis or during revision surgery, and it was found that during
those situations, expandable pedicle screw showed improved
results in clinical studies [33]. Wu et al. (2010) [12] reported
no failure/breakage of expandable pedicle screw. It was fur-
ther concluded that expandable pedicle screw might have
acted as valued tool for growth in armamentarium for spinal
fixation [59]. Vertebra instrumented with expandable pedi-
cle screws for patients with degenerative spinal deformity
showed improved results in clinical as well as radiological
outcomes with only 2.1% cases of screw pullout on larger
stress sites [19]. The authors attributed this to the design of
the expandable pedicle screw [19]. Marginally greater area
(15-80%) with peak stresses at the bone-screw interfaces, as
predicted in our present study, may elevate the risk of such
pullout instances in expandable screw. It appears from the
stress—strain contours that the expandable pedicle screw may
result in lower loosening rate as compared to normal pedi-
cle screw. However, greater stress concentration predicted
at the screw insertion area in the former implant may also
lead to pullout risk to a certain extent owing to interfacial
debonding.

The stress—strain curve of IVD corresponding to
intact FSU in the present study was found to be closely
associated with the values reported in the literature [71]
(Fig. 11). However, maximum stress in the IVD was
reported to be 1.86 MPa by Biswas et al. [71], as opposed
to 1.53 MPa in our study. This deviation may be attributed
to some difference in loading and boundary conditions.
Further, Biswas et al. [71] used stress—strain curve as an
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input criterion for material properties. The reduced stress
in the IVD in case of implanted models could be the result
of more load transfer in the cage. The maximum stress in
IVD was found to be the lowest in case of FSU instru-
mented with expandable pedicle screw. This suggests that
the expandable pedicle screw exerted more stress shielding
on IVD than the normal pedicle screws.

There were, however, certain limitations and assump-
tions made in the current study. Firstly, cancellous bone
was considered as linear, elastic, and isotropic though can-
cellous bone is typically anisotropic in nature [72]. Moreo-
ver, muscles were not included in this study though muscle
plays a significant role for lumbar spine stability [22, 52,
73]. The ligaments were considered to be tension-only ele-
ments for static load transfer [40, 52, 74]. The capsular
ligament was not included [40]. It may further be noted
that the load values may vary significantly depending on
the body weight.

5 Conclusion

The expandable pedicle screw predicted marginally
improved anchorage having greater contact area with the
bones as compared to the normal pedicle screws. More
contact area with the bone resulted in greater stresses at
the contact sites indicative of better stability and load
transfer to the bone. Nevertheless, this may lead to margin-
ally greater risk of screw pullout. Greater area (15-80%)
with peak stresses at the bone-screw interfaces also indi-
cates lesser degree of stress shielding in case of the former
implant. Thus, with the use of expandable pedicle screws,
one may expect to have lower loosening issues. However,
at IVD, 45% higher stress shielding was predicted with
expandable screws. The various physiological loading
regimes also appeared to have considerable influence on
the overall load transfer in the L4-L5 vertebrae. However,
peak stresses on cortical and cancellous bone were found
to be clinically admissible for all cases. These predictions
notwithstanding, in vitro and in vivo evaluations are pres-
ently being envisaged for further insights into these two
implants.
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