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Abstract

Degenerative disc disorders are among the most commonly diagnosed conditions and
the leading cause for back and neck pain, affecting more than 266 million individuals
annually. Interbody fusion is the proposed surgical treatment whenever lighter ap-
proaches such as physiotherapy and painkillers fail to improve the patient’s condition.
It consists of the total or partial removal of the damaged disc, followed by the insertion
of a spinal implant, referred to as interbody fusion cage or spacer, to block the vertebral
segment and restore disc height. Unfortunately, in some cases this treatment can fail
due to a loss in disc height as a result of subsidence, that is the sinking of the cage in
the adjacent vertebrae.

The investigation conducted in this thesis work focused on the effects of porosity of se-
lective laser melted (SLM) implants and bone mineral density on subsidence, by means
of a biomechanical study and a finite element model. In previous works, it was demon-
strated that the most influential factor for the occurrence of subsidence is the condition
of bone mineral density. Therefore, it was hypothesized that by using an implant with
high porosity, the overall stiffness of the bone-implant system would decrease, as well
as the stresses at the bone-implant interface, reducing the risk of subsidence and bone
damage. At the same time, osseointegration would benefit due to the increased porosity,
which is an important factor in the design of orthopedic implants. The biomechanical
study consisted of compression tests according to the standard ASTM-F2267 for subsi-
dence evaluation in interbody fusion implants, according to which polyurethane foams
were used to simulate the mechanical behaviour of trabecular bone. Cages designated
for the cervical and lumbar regions of the spine were tested in two different porosities,
in terms of apparent density of the cage, in combination with three foam densities, low-
medium- and high-density, corresponding respectively to low, average and above aver-
age quality of bone. The results confirmed the findings in the literature and revealed
significantly different outcomes when the foam density was changed, while the change
in porosity did not affect the stiffness of the foam-implant system. The finite element
model of a simplified cervical cage was used to explore the influence of the thickness of
the solid frame in porous implants, revealing changes in stiffness of the simulations with
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the cages alone, while almost no stiffness variations were detected in the simulations
for the implant-foam systems.

Although the reduction of the stiffness of the system could not be achieved by tuning
porosity, it was demonstrated that the mechanical performance of the system was not
affected by an implant with higher porosity. These findings opened new research op-
portunities in the study of osseointegration, since it could be concluded that the use
of implants with higher porosity would not affect the overall stiffness, while allowing
more bone ingrowth to avoid cage migration.
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Chapter 1

Introduction

The interbody fusion device, or cage, is a spinal implant that aims to stabilize the
motion of the vertebral segments between which it is inserted, as a surgical remedy
to severe disc degeneration. Although different failure modes have been reported in
clinical studies and in the FDA database [21]][22][23], these are mainly single case re-
ports. Interbody fusion is most likely to fail on a larger scale due to the occurrence
of cage subsidence, migration or non-union between vertebrae. In the market research
performed by an emerging medical device company [24], neurosurgeons worldwide ap-
pointed subsidence as the leading cause of interbody fusion failure. Subsidence consists
of the sinking of the implant in the adjacent vertebrae. Therefore, the aim of the
current work was to search for solutions to overcome this complication.

1-1 Scope

The literature study prior to the current work revealed that the condition of bone in
terms of its mineral density is the most influential factor for subsidence occurrence
when comparing it with implant material, size and shape [17][25][26]. Furthermore, the
advancements in additive manufacturing and tissue engineering provided the potential
of porous implants in the orthopedic field. The findings of the biomechanical and com-
putational studies on the influence of bone mineral density (BMD) led to the reflections
on the different degrees of subsidence over a range of bone mineral densities, with atten-
tion to the recent innovative porous solutions. Therefore, the present research focused
on the biomechanical effects of cage porosity on the implant-bone system considering a
range of bone densities, towards finding an optimal solution for patients with poor bone
quality. The investigation was carried out through an experimental study according to
an American Society for Testing and Material (ASTM) standard created specifically
for interbody fusion devices.
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2 Introduction

1-2  Structure of the report

Chapter 2 provides the reader with background knowledge about the intervertebral disc,
the diseases associated with its degeneration and the surgical treatments. In Chapter
3, the spine cage is introduced, and an outline of the different implant designs and
mechanical issues is provided. After preparing the reader with sufficient background
knowledge about the topic, the rationale of the thesis is explained in Chapter 4, where
the reflections that led to the research question are presented. In the Biomechanical
Testing chapter, information on materials, methods and standards used in the mechan-
ical tests are extensively discussed. Chapter 6 describes the steps taken to perform an
exploratory computational study to answer one of the research questions. Chapters 7
and 8 include the results and discussion of the outcomes. Finally, the closing chapters
9 and 10 are meant to draw conclusions about the findings and to propose future work.
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Chapter 2

The Spine

This chapter provides some background knowledge about the anatomy of the spine, the
disease associated with disc degeneration and surgical treatments. This serves as an
introduction to the interbody fusion implant which will be discussed in the following
chapter.

2-1 The intervertebral disc

2-1-1 Anatomy and physiology

The human spine is composed of thirty-three vertebral bone segments, appertaining
to five main regions, which, starting from the top, are: cervical, thoracic, lumbar and
sacral and the coccyx, Fig. 2-1. A healthy spine features a natural curvature referred to
as lordosis, which can be noticed in Fig. 2-1. Specifically, the curves in the cervical and
lumbar regions are called lordotic, while in the thoracic and sacral regions are termed
kyphotic. The intervertebral disc (IVD) is an anatomical structure located between
each pair of vertebrae and functions as a shock absorber throughout the spine. The
assembly of the IVD and the adjacent vertebrae with the adjoining ligaments represents
the functional spinal unit (FSU), also called motion segment. The IVD is composed
of three main parts: the nucleus pulposus (NP), the annulus fibrosus (AF) and the
cartilaginous endplates (Fig. 2-2). The nucleus is a gelatinous mass concentrated in
the centre of the vertebral body. Its gel-like structure is due to proteoglycans and water
within a network of collagen type II and elastin fibers. Surrounding the NP there is the
annulus fibrosus, which consists of concentric lamellae with collagen and elastin fibers.
The endplates are made of hyaline cartilage and separate the nucleus and annulus from
the adjacent vertebrae [2]. The osmotic properties are a result of the presence and
peculiar composition of the NP which allows the disc to resist the compressive forces
that the spine is subjected to.
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The Spine

Victoria Bruno
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Figure 2-1: Representation of a human spine. The curvature of the overall spine is called lordosis.
At the cervical and lumbar regions the curves are referred to as lordotic, while at the thoracic and
sacral regions kyphotic (Spine Universe [1])
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Figure 2-2: Structure of an intervertebral disc. Image retrieved from the work of Raj et al. [2]
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2-2 Pathophysiology and diseases

With aging, the IVD undergoes changes. Its overall structure progressively becomes
disorganized, meaning the boundary between the NP and AF becomes less defined and
the fibers networks start to appear scattered. The nucleus slowly loses its osmotic prop-
erties, becoming more fibrotic [27]. One of the reasons behind these gradual structural
changes could be diminished blood supply to the intervertebral disc, which initiates
tissue breakage [28]. Its degeneration can lead to low back pain (LBP) due to the
instability of the vertebral joint, and sometimes can also develop into numbness and
tingling sensations in the lower extremities [9]. The latter symptoms are commonly
linked with disc herniation, which occurs when disc material is displaced, impinging
the spinal nerves and causing their inflammation [9][29], Fig. 2-3. Specifically, sciatic
pain has been associated with posterior disc bulges [30], which occur when the AF
remains intact but presses against the nerves due to the penetration of the nucleus
within it [31].

Other age-related diseases are spinal stenosis and spondylolisthesis. Stenosis is a condi-
tion where the spinal canal, nerve root canal, or intervertebral foramina narrow [32] 2-4.
In spondylolisthesis, the vertebra displaces forward [33] and its severity is indicated by
an assigned grade of 1 to 5 according to the amount of displacement (Fig. 2-5). Both
of these diseases can be symptomatic of disc herniation, causing low back pain and leg
pain if there is pressure on the nerves.

2-3 Surgical treatments

Treatments for low back and leg pain resulting from the mentioned diseases involve
surgery whenever physiotherapy and pain killers are ineffective. Two techniques are
worth mentioning, which are interbody fusion and interspinous distraction. The stan-
dard treatment is interbody fusion, but compared to the latter, it is an invasive pro-
cedure that involves the removal of portions of the vertebral bone to access the inter-
vertebral space, thus weakening the neighbouring anatomical structures. Interspinous
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Figure 2-4: Representation of spinal stenosis compared with the normal spine. (Mayo Clinic[4])

Normal Spondylolisthesis Grade | Spondylolisthesis Grade Il

Spondylolisthesis Grade lll Spondylolisthesis Grade IV Spondylolisthesis Grade V

Figure 2-5: Comparison between the normal coupling of two vertebrae and the five different
grades of relative dislocation caused by spondylolisthesis [5].

Victoria Bruno Master of Science Thesis



2-3 Surgical treatments 7

distraction is proposed as an alternative to limit these risks, and is mainly employed
with the elderly [34].

2-3-1 Static stabilization: Interbody fusion

Vertebra —

Intervertebral
disk

Bone Cage
graft

Figure 2-6: Graphical representation of the interbody fusion surgical treatment. This is an
example of a surgery performed from the posterior side of the spine. (American Academy of
Orthopaedic Surgeons [6])

Interbody fusion consists of the partial or total removal of the intervertebral disc fol-
lowed by the insertion of an implant, also referred to as cage, in the disc space designed
to allow fusion between the vertebrae. Through spinal fusion it is possible to elimi-
nate the unstable motion of the FSU, while preserving the load-bearing function of the
spine. Figure 2-6 displays the main steps of the surgical treatment. Firstly, muscle
dissection or muscle-splitting is performed to reach the spine. Through a procedure
called laminotomy, the lamina and spinous process, shown in the vertebrae in Fig. 2-1,
are removed to achieve the decompression of the nerves and to expose the disc space.
Then follows the retraction of the nerve roots to the side, which allows a corridor to
the intervertebral space for the partial or total removal of the damaged disc and the
endplate preparation [7]. The endplates are the parts of the vertebral body interfacing
with the disc space, and their preparation consists of the partial removal of the cartilage
of which they are composed to expose the underlying bleeding bone. This is necessary
to trigger the bone growth within the cage that is inserted in the disc space, and it is of
crucial importance for the success of the surgery that the endplates are still preserved
to withstand the compressive forces of the inserted implant and bone grafts [35][36].
Interbody fusion nowadays can be achieved with various surgical techniques that differ
in approach, grafting and cage materials, and fixation methods [37][38]. The insertion
of the the spinal cage with grafts, besides stabilizing the FSU, restores the lost disc
height and preserves lordosis, which is the natural curvature of the spine, as can be
observed in the example of the healthy spine in Fig. 2-1. The implant used to achieve
fusion will be further discussed in the next chapter.

Proietti et al. [39] have concluded that the decision-making for the surgical approach
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Figure 2-7: Visual overview of the possible surgical techniques for lumbar interbody fusion.
Image retrieved from the work of Mobbs et al. [7].

should be done systematically and depends on many factors combined, such as age,
disease, fusion levels and comorbidities. Furthermore, during this evaluation, it is im-
portant to estimate if these factors could lead to complications, such as an increased
surgery time and amount of blood loss. One important decision to be taken concerns
the use of fixation plates to further stabilize the segment. It is a crucial aspect since
fixation plates have been associated with greater blood loss, risk of nerve injury or
surgical time [40]. An increased re-operation rate has been observed, compared with
the standalone cages [41][42]. Nevertheless, studies show that supplemental instrumen-
tation may be necessary in some cases, such as primary degeneration [41].

The following sections will provide detailed descriptions of the available surgical meth-
ods, focusing on the lumbar procedures.

Surgical techniques

All methods are divided into anterior and posterior approaches. The first group in-
cludes the anterior lumbar interbody fusion (ALIF) and lateral lumbar interbody fu-
sion (LLIF) which are characterized by successful clinical outcomes at the cost of higher
risk of injuries during the surgery and, specifically for ALIF, a higher incidence of cage
migration [43]. On the other hand, the posterior lumbar interbody fusion (PLIF) and
transforaminal lumbar interbody fusion (TLIF) require the surgeons to access the spine
posteriorly through minimally invasive surgery due to the proximity of neural struc-
tures. Some cages may be designed for application of a specific approach. The following
paragraphs briefly describe the most common surgical techniques, with reference to the
specific operated levels shown in Fig.2-1.

ALIF The anterior lumbar interbody fusion procedure has been widely reported [43]
and offers direct access for the implant insertion. It is mainly used to operate on the
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levels L4/5 and L5/S1. It is not recommended for L2/3 and L3/4 since it is associated
with anatomical limitations and higher risks [7]. This technique offers an advantageous
view of the disc space, allowing better space clearance, endplate preparation and the
possibility of inserting bigger interbody cages than with posterior approaches [44]. ALIF
has been found to have better results when it comes to the restoration of disc height
and lordosis, compared to TLIF and LLIF [43]. However, it requires peritoneal and
vascular manipulation, making it an unfit approach for patients suffering from vascular,
abdominal and spinal pathologies [45].

LLIF The lateral lumbar interbody fusion or extreme lateral interbody fusion (XLIF)
refers to the techniques that access the spine laterally through the retroperitoneal fat
and psoas major muscle [46]. Due to anatomical restriction from the iliac crest, it is not
used for L5/S1. It can be advantageous for correcting aggressive deformities and the
minimally invasive nature of the approach. Nevertheless, risks include psoas muscle,
bowel or vascular injuries.

PLIF According to Mobbs et al. [7], the posterior lumbar interbody fusion approach
is the second most used technique. The main advantage is that it offers good visual-
ization of the nerve roots, thus favouring the surgeon’s performance. Despite this, it is
also associated with longer recovery time in case of muscle-trauma from the prolonged
retraction [47]. It can be an inadequate technique when it comes to lordosis restora-
tion, or more in general for endplate preparation. Compared with the TLIF approach,
it has been reported to be more prone to complications and to take more time for the
operation [25].

TLIF Lastly, the transforaminal lumbar interbody fusion was proposed to overcome
the limitations of the PLIF approach. The neural foramen is opened only on one side,
reducing the risk of damages that could be done to the anatomical structures of the
spine. The risks associated with TLIF are the same as those for PLIF [48][49][47], with
the difference that TLIF preserves ligamentous structures, keeping the segment more
stable [50].

Limitations

Adjacent segment degeneration Interbody fusion of a segment alters the loading
and motion of the neighbouring vertebral joints. Adjacent segment degeneration (ASD)
is a condition that may arise, and it is defined as the occurrence of radiographic alter-
ations in the segments adjacent to the fused level [51]. These changes include acceler-
ated disc degeneration, herniation and spinal stenosis among others [52]. It is believed
the degeneration occurs as an effect of the altered biomechanical loading, which favours
an increased intradiscal pressure and excessive loading of the facet joints [53]. ASD
can further develop into a symptomatic disease which most often requires treatments
through re-operation [51][54], such as decompression alone, decompression and fusion
or decompression and disc arthroplasty [7]. Regrettably revision surgeries for inter-
body fusion are not very successful [54][7][53], therefore it is essential to investigate the
different loading and displacements that the vertebrae are subjected to prior to and
following the surgical treatment to optimize the interbody fusion.
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Lumbar non-union The success of interbody fusion for the greatest part depends on
bone healing. This process brings the vertebrae to fuse together and it is subjected to
many different factors, such as the adopted surgical approach, the type of implant and
bone graft, or the presence or absence of a fixation system [55]. Fusion can be defined
as the bone formed between adjacent vertebrae of a segment through or around the
inserted cages. It is usually assessed with radiographs from different perspectives taken
post-operation, six, twelve or more months after surgery. Non-union, defined as the
failed fusion between bones, may also occur and it could be caused by insufficient sta-
bilization of the segment, poor surgical technique, trauma or infection. The occurrence
of lumbar non-union has been reported to vary between 0% and 56% for lumbar fusion
[56][57].The assessment is done usually by surgeons that observe presence of bridging
trabecular bone in radiographs.

2-3-2 Dynamic stabilization

™ Nerve Root

_ coflex” device

Lamina

Figure 2-8: Interspinous distraction with COFLEX device. (Paradigm Spine [8])

Interspinous distraction Interspinous distraction, referred to also as dynamic stabiliza-
tion, was introduced as an alternative to posterolateral fusion, Fig. 2-8. The main
problematic linked to interbody fusion is the alteration of loading within the spine,
which increases the biomechanical stresses acting on the adjacent vertebrae and, conse-
quently, the risk of developing diseases at those levels [58]. Dynamic stabilization is a
technique that overcomes this limitation by reducing motion and load transmission in
the direction where pain is felt, rather than suppressing all motility of the segment [59].
The device designated for this approach is the intradiscal distractor, or interspinous
process spacer, which functions as a shock absorber as it is placed to open the interver-
tebral foramina [60]. As an effect, the nerve roots are decompressed, the axial load is
transferred to the anterior part of the disc, and the extension is limited [61], which may
relieve pain [62]. Although less surgical complications are associated to this treatment,
systematic reviews report a high incidence of revisions, thus being also costly.
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Chapter 3

The Interbody Fusion Cage

In this chapter the interbody fusion implant, also denominated cage, is described. An
overview of the technological improvements, main features and limitations are pro-
vided. The information in this chapter helps laying out a foundation to comprehend
the problem statement and the research questions presented in the following chapter.

3-1 History

The original technique for interbody fusion was described by Cloward in 1952 [9], which
consisted of the insertion of bone grafts harvested from the iliac crest of the patient
into the hollowed disc space to trigger fusion, Fig. 3-1.

Although it was shown to be successful, this technique came with the great limitation
of morbidity in the ilium. In 1988 Bagby introduced a device that improved Cloward’s
method by avoiding bone harvesting [63]. The idea was developed and studied on
horses suffering from a syndrome comparable to spondylitic myelopathy, the Wobbler
Syndrome, that caused neck instability. The first prototype consisted of a stainless
steel cylinder with holes that allowed bone ingrowth, promoted by chips of cancellous
bone packed inside the device, Fig.3-2. This so called "Bagby Basket" was proven to be
efficacious and was later improved for human use by selecting different materials and
physical features. It was approved by the U.S. Food and Drug Administration (FDA)
in 1996 as the Bagby and Kuslich (BAK) Interbody Fusion System [10].

In the years followed, the surgical procedures developed into safer and less invasive
techniques, and consequently the cage designs advanced with respect to the original
concept. Fig. 3-3 presents examples of marketed interbody cages with their distin-
guishing features. It should be noted that the type of implant changes according to
its site of destination, whether it is for the cervical or lumbar region of the spine. In
general, the lumbar devices are more slender, longer and higher.

Master of Science Thesis Victoria Bruno



12 The Interbody Fusion Cage

' "Bone plugs and
cancellous bone
chips removed
from crest of
ilium

Bone plugs
driven into
intervertebral
space

Figure 3-1: Cloward's technique for interbody fusion. Image retrieved from the work of Cloward

[9].

Figure 3-2: The original Bagby Basket on the left; the Bagby and Kuslich revised design for
human spinal fusion on the right. Image retrieved from the work of Bagby et al. [10].
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Figure 3-3: Examples of interbody fusion devices.

3-2 Static and expandable cages

The gold standard to perform interbody fusion had been through the anterior part
of the spine, before the posterior approach was introduced. The anterior technique
is advantageous due to the wider corridor that makes the endplate preparation and
the device insertion more practical. Its effectiveness is also related to the type of
cage employed, which features a wide contact surface with the bone, compared to the
devices used for the posterior approach [64]. Despite these favourable aspects, its great
limitation is found to be the invasive nature of the surgery. As mentioned in Chapter 2,
to overcome the morbidities associated with the anterior approach, surgeons developed
a minimally invasive technique accessing posteriorly (PLIF, TLIF) through a narrower
corridor. This meant that the cage had to be smaller for insertion, while fulfilling its
functions of disc height restoration and segment stabilization. Vertically expandable
cages were introduced, as opposed to the original static design, such as the Bagby
Basket, Fig. 3-2. Two examples are provided in Fig. 3-3. The expandable design
allows its insertion in the intervertebral space in a collapsed configuration, followed by
its expansion in situ. This feature is advantageous compared to the static cage, since
it offers the surgeon the option to optimize the fit according to the patient’s anatomy
[65]. The expandable device compared to the static, offers reduced nerve root retraction
and impaction forces on the endplates in contact with the device [66][67]. Final cage
height expansion is evaluated and selected by the surgeon and verified by intraoperative
fluoroscopy. The procedure results in decreased blood loss, reduced muscle dissection
and overall better post-operative recovery [68][69]. On the other hand, the use of
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Property Titanium PEEK CFRP

E modulus (GPa) 100-110 3.5 120-580
Radiodensity Radiopaque Radiolucent Radiolucent
Promotion of osseointegration Higher Lower Lower

Table 3-1: Overview of the properties for the most commonly used materials for spinal devices.

expandable devices is associated with an increased risk of the cage sinking into the
vertebral body, being the main drawback when using expandable cages. These devices
have a smaller contact surface, also referred to as footprint, and as a consequence higher
stresses are observed at the bone-implant interface, which can lead to this undesired
behaviour. A proposed solution is provided by the use of multidimensional expandable
devices, which allows the expansion in the vertical direction as well as in the horizontal
direction to increase the contact area.

3-3 Materials

3-3-1 Titanium, PEEK and carbon fiber reinforced polymers

Another differentiating feature among cages concerns material. Three commonly em-
ployed materials for these implants are titanium, PEEK and carbon fibres reinforced
polymers and an overview of their properties is available in Tab. 3-1. Titanium has
been used for the longest in orthopedics, due to its resistance to corrosion, biocom-
patibility and the possibility to modify its surface roughness to increase cell adhesion
[70]. The biocompatibility derives from the external oxide layer that forms when in
contact with the fluids in the body [71]. The main issue regarding its application is the
mismatch with the Young’s modulus of bone, 100-110 GPa against 12 GPa for cortical
bone, which leads "stress shielding". This phenomenon is initiated when specific bone
cells, osteocytes, sense lower mechanical stress in the bone, due to the presence of the
stiffer implant, which will bear greater load. According to Wolff’s law, bone remodels
depending on the mechanical stimuli on the bone, and reduced loading triggers bone
resorption [72]. Moreover, fusion assessment is problematic due to its high radiodensity
[73]. Instead, PEEK was introduced in the 1990s as a better option for what concerns
stress shielding, thanks to its lower elastic modulus compared to titanium, and due to
its chemical structure which grants it high resistance to chemical, thermal and post-
irradiation degradation [74]. On the other hand, a systematic review of Kersten et al.
[75] compared radiographic outcomes, and observed that PEEK is not necessarily a
superior choice compared to titanium and carbon fiber cages [75], due to its lack of
osseointegration and the formation of fibrous tissue around the cage. Furthermore, this
material, being chemically inert, does not allow for protein absorption and promotion
of cell adhesion [73]. Finally, there are cages, such as the Brantigan I/F cage for PLIF
(DePuy AcroMed Corp., Raynham, MA), that are made of a carbon fiber reinforced
polymers (CFRP) [76]. It has been found to be more reliable than allograft bone for
what concerns fusion [77].
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3-3-2 Porous titanium and osseointegration

The interbody fusion cages have seen a great transition, from smooth-solid surfaces with
holes, such as the implants shown in Fig. 3-2, to the use of porous materials. This be-
came possible thanks to the advancements in additive manufacturing (AM) which offers
many advantages to orthopedic implants. AM enables greater use of metals for medical
devices. For instance, because of its biocompatibility, titanium is a largely employed
material in orthopedics. Nevertheless, its high stiffness compared to bone represents
a limitation, since it causes stress shielding. AM technology allows the fabrication of
porous metal with lower stiffness compared to the conventional manufacturing methods
[78], thus expanding the possibilities for metal employment in orthopedics. This is pos-
sible by fine tuning the strut and pore sizes of metal lattices. The study by Chatham et
al. [79] highlighted the advantage of the porous device as compared to non-porous ones,
although in their study poly(para-phenylene) (PPP) was used, instead of titanium. By
tuning strut and pore size, porous titanium could reach a Young’s modulus of 0.6 GPa,
and according to their work a Young’s modulus of less than 1 GPa could reduce endplate
stress, which translated to a lower risk of subsidence. Chatham et al. [79] compared
four different lumbar spacers using PEEK, titanium, poly(para-phenylene) (PPP) and
porous PPP (70% by volume). The results showed that the more compliant porous
solution registered the lowest stress values at the endplates , reporting a stress of 0.431
MPa with the 70% porous PPP, against 0.473 MPa of the solid PPP spacer.

In addition, AM allows to produce highly customized lattices thanks to different man-
ufacturing parameters that are easily controllable. An example is seen in selective laser
melting (SLM), where optimization of laser power, manipulation of layer thickness
and scan speed can significantly improve the mechanical properties of porous struc-
tures according to the end use [78]. The mechanical properties required for an implant
may differ, depending on the site of implantation, because of the interactions with the
surrounding cells and anatomical structures. Therefore, lattices can be designed as
functionally graded materials (FGM), meaning that they vary in structural composi-
tion depending on their function, mimicking the behaviour of some tissues found in the
body. A naturally graded material is the bone, composed of an outer shell of compact
bone which encloses the less dense and more porous cancellous bone. This structure
provides an example of biological adaptation to external loading and can help improve
implant designs from a biomechanical perspective [80]. A critical aspect to determine
the success of an orthopaedic implant is the achievement of osseointegration, defined as
the linkage between the inserted device and the surrounding bone. As the knowledge
of cell adhesion and proliferation grows, more attention is being given to the develop-
ment of scaffolds that can help increase this process. When such bond lacks, a fibrous
tissue around the device forms and triggers the resorption of bone, called osteolysis,
in response to micromotion and inflammation, causing implant failure. An example
is provided in the work of Gittens et al. [81], where the role of microstructures and
nanostructures was analysed. It was well established that micro-roughness is beneficial
for osseointegration, and its combination with nanostructures can further increase the
positive effects [82]. In another study conducted by Garner et al. [83], an optimization
algorithm was developed to achieve proper material connectivity when conceptualizing
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lattices. When studying functionally graded materials, it is important that adjacent
unit cells are compatible with each other at micro scale, in order to predict the be-
haviour at their boundaries and have a smooth transition of physical properties.
Finally, it is important to mention that in AM the products typically undergo a post-
processing phase which includes surface treatments. Titanium, as mentioned earlier, is
largely employed due to an oxide layer that forms externally in contact with the body
fluid. This layer makes this material biocompatible, but at the same time it has low
resistance to shear forces. To overcome this limitation, surface treatments are paired
with the use of additive manufactured titanium to increase its resistance to wear and
tear [71]. In general, there are many different types of surface treatments that can help
improve a variety of material properties [71][84]. To mention one, chemical etching (CE)
has been found to improve medical implants because it increases the osseointegration
behaviour in titanium for instance [85]. It is a subtractive manufacturing process that
consists of different phases in temperature regulated etching chemicals, and can substi-
tute processes such as CNC and laser cutting for instance.

As opposed to AM, conventional manufacturing techniques involve casting and tradi-
tional metal powder processing methods, or machining in the case of titanium. To
mention some disadvantages of these techniques, they are costly for the manufacturing
of small series and for this reason with the advancements in AM, the orthopedic device
industry is leaning towards new technologies. It is not possible to easily customize the
devices and manufacturing time is much longer than that observed with 3D printing
solutions. Furthermore, the conventional methods do not allow the creation of free-
form structures that when included in prostheses, help accelerate the healing process
in the body, such as in the case of cranial implant.

3-4 Stand-alone cages and plating systems

As mentioned in the previous chapter, the interbody fusion may require an additional
fixation system. It is possible to differentiate between dynamic, semi-rigid and rigid
systems. The first mentioned is not relevant for the current work, since it is used to
alter the motion without the intention of fusion of the segment, as it is done in the
already mentioned interspinous distraction. On the other hand, semi-rigid and rigid
systems are employed to achieve stabilization, and consist of a system of screws and
plates, as shown in Fig. 3-4. What differentiates these two systems is that in the
semi-rigid system some relative motion between the pedicle screw and the plate is
allowed, unlike the rigid system which achieves total fixation[86]. The rigid system can
be advantageous to achieve rigidity and stabilization, on the other hand it has higher
chances of causing stress shielding [87]. To avoid the invasive procedure of implanting
the plating system, standalone devices are also commonly used, but a study highlighted
higher incidence of subsidence in such cases [88].
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Figure 3-4: Example of plating system. The system can allow both rigid and semi-rigid screw
fixations, since it features fixed and variable angle screws. Image retrieved from Stryker [11].

3-5 Device limitations

Cage migration and subsidence

Many complications are associated with the use of spine cages [39], but in this thesis
the main focus was set on the failure linked to biomechanical performance of the device,
specifically cage migration and subsidence. Cage migration refers to the displacement
from the initial allocation in the intervertebral disc, specifically towards the posterior
part of the vertebral body. The majority of clinical studies in the literature consider
migration as a displacement greater than 3 mm [89][90][91][50], and the main cause of
this phenomenon is indicated to be inadequate cage height. This is often seen when
employing the PLIF approach, since appropriate distraction is hard to achieve. Lack of
contact with the endplates could occur, resulting in non-union [92]. The migration has
also been associated with the improper stabilization when posterior instrumentation is
missing, which is usually the case for minimally invasive procedures to avoid surgical
complications [93][94].

Subsidence is a specific case of migration and refers to the sinking of the device in
the vertebral body, which also results in a decrease in disc height and loss in lumbar
lordosis, Fig. 3-5. Clinical outcomes depend on subsidence, although in some cases this
phenomenon can occur without presenting symptoms. It can lead to non-physiological
loading and increased motion of the adjacent vertebral joints, resulting in faster de-
generation [66]. In most clinical studies, subsidence has been defined as the sinking of
more than 3 mm into the adjacent vertebrae [89][95][91][12]. Subsidence can exist in
the overlying, underlying or both vertebrae, as can be seen in Fig. 3-6. Barsa et al. [12]
evaluated some risk factors for the occurrence of this phenomenon. Over-distraction
has been identified as one of the causes, together with the small contact area between
implant and bone, and improper preparation of the endplates. Ideally, endplates should
be preserved to prevent the implant from sinking, but in order to trigger vascular in-
growth within and around the implanted device, the surgical technique involves the
removal of the cartilaginous tissue [96][90]. This lowers the mechanical condition of the
bone, thus enhancing the risk of subsidence.

Many computational and biomechanical in the literature focus on the factors influencing
subsidence by assessment of the stresses or displacement distribution at the implant-
bone interface. In the computational study conducted by Chatham et al [79], the group
besides comparing the stresses at the interface resulting from the variation of implant
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Figure 3-5: Subsidence case, comparing postoperative with 6-month lateral radiographs. Case
retrieved from the work of Barsa et al. [12].
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Figure 3-6: Simplification of subsidence, defined as the sinking of the interbody fusion cage in
the adjacent vertebrae.
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material, they analyzed the change in stresses when interchanging between a standard
implant and a custom implant. The custom made cage had a larger footprint and that
provided a 37-41% decrease in mean stress when compared to the original standard
spacer, for each material. Increasing the device surface area for instance would be
beneficial, but cannot be considered a feasible solution when designing a spinal cage,
since there are restrictions dictated by its surgical insertion and anatomical features.
This limitation was found to be the same as the study on shape optimization conducted
by Hsu et al. [26], in which an algorithm developed to find the optimal shape according
to total reaction forces revealed a flower shaped cage as the best solution. This showed
the possibilities of the tool that was developed, but the output was not proved to be
suitable for its purpose. The generated designs did not seem to consider surgical and
anatomical limitations. Finally, a study conducted by Suh et al. [17] compared the
influence of cage morphology, material composition and bone density on subsidence
which helped understanding in which area to set the focus to improve the performance
of the existing interbody cages. Interestingly, the study revealed the bone density as
the most influential factor, by using polyurethane foam as a substrate material. Despite
these outcomes, the clinical studies available in the literature do not provide results to
validate the influence of bone density on cage subsidence, since in retrospective studies
is common to find the percentages of patients in which the cage subsided without
including and assessment of the condition of their bone.
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Chapter 4

Thesis Rationale

The current chapter explains the rationale that led to the definition of the problem
statement and the research question.

4-1 Overview

The literature study conducted prior to the current thesis work helped identify the con-
dition of the underlying bone as the main factor for subsidence occurrence in patients
undergoing interbody fusion [35][17][36][97][12]. Furthermore, the survey highlighted
the advantages of employing porous implants, since they have the potential to over-
come non-union, subsidence and cage migration through enhanced osseointegration [81]
and stiffness reduction of the devices [79][98]. By reducing stiffness, the stresses at the
bone-implant interface decrease, reducing the risk of subsidence and bone damage.

Additive manufacturing has significantly enhanced the possibilities for implant cus-
tomization thanks to the lower manufacturing costs for small batches or single prod-
ucts, and the greater geometrical freedom in production compared to the conventional
methods [99]. The issues related to the development of patient-specific implants are
the longer planning time required prior to manufacturing [100][101], the need for highly
specialized personnel, and expensive 3D printers needed to meet the precision require-
ments [102]. This project investigated a more feasible and cost effective method to offer
tailor-made solutions, by setting the focus on the bone condition through the evalua-
tion of bone mineral density (BMD). A specific product, such as the interbody fusion
cage for the lumbar region, could offer a range of porosities that could lower the risk of
subsidence. In fact, implants featuring higher porosity could potentially be beneficial
to reduce the stiffness of the implant-bone systems, which translates to the decrease of
the stresses at the interface, while increasing osseointegration. On the other hand, if
an implant is too porous it could lack the strength to withstand the compressive loads
in the spine and cause cage failure. In the literature, studies on porous implants are
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increasing, although there is still a lack of clinical studies adopting the already mar-
keted solutions. As a consequence, it is still not possible to quantify the improvements
of the outcomes compared to the non-porous cages.

4-2 Problem statement and research questions

This project was intended to evaluate and quantify from a biomechanical perspective the
degree of improvement of subsidence behaviour by tuning the porosity of the implants
relatively to the patient’s bone mineral density to open the investigation for a new
customization approach. The problem statement leading to the research questions is
hereby defined:

To what extent can design parameters of interbody fusion cages help
avoiding subsidence while taking into consideration the variability of bone
mineral density in patients.

The research questions that were formulated and answered for the current thesis work
are the following:

1. Can the variation of cage porosity, in terms of apparent density, produce significant
changes in the stiffness of the implant?

2. How much can the bone condition, in terms of bone mineral density, influence the
extent of subsidence?

3. Can specific combinations of cage porosity and bone mineral density reduce the
stiffness for the implant-bone system?

4. To what extent does the solid titanium outer frame found in the design of porous
cages influence the stiffness of the implant?

To answer the first three questions, a biomechanical study was conducted using two
variants of cage porosity and three variants of bone density by using three polyurethane
foam densities, which are typically used materials to model cancellous bone in biome-
chanical testings. The last question was tackled through an exploratory computational
study, using a simplified finite element model of the cervical cage-bone system. The
parameter used to make evaluations on subsidence was the stiffness of the cages and
the cage-bone systems, since it measures the resistance to deformation.
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Chapter 5

Biomechanical Testing

This section opens with a brief description of the standards used as references to eval-
uate the mechanical performance of the interbody cages. Furthermore, the materials
and methods used to perform the biomechanical tests are reported.

5-1 Standards for Interbody Fusion Devices

The medical device industry is heavily standardized and regulated. There are two
test methods provided by the ASTM International (formerly the American Society
for Testing and Materials) specifically for interbody fusion spine cages. These are the
ASTM-F2077 Test Methods for Intervertebral Body Devices [103] and the ASTM-F2267
Standard Test Method for Measuring Load Induced Subsidence of an Intervertebral Body
Fusion Device Under Static Axial Compression[13]. It is not mandatory to comply with
the standards, but they are usually employed since they provide a method to perform
tests in a controlled way, thus making it possible to compare outcomes. Furthermore,
the process of approval by regulatory institutions for a new device can be accelerated
by compliance to these testing methods. It should be noted that these standards are
not performance tests, meaning that it is the manufacturer’s responsibility to interpret
the results and determine the device success or failure [104].

5-1-1 ASTM-F2077 Test Methods for Intervertebral Body Devices

This document provides methods to perform mechanical tests on the intervertebral
body fusion device for either the lumbar, thoracic or cervical spine. It is not meant
to directly predict the in vivo performance of the implants, but to collect information
on the mechanical properties and compare the outcomes of different devices in a con-
trolled way. The standard includes the methods for both dynamic and static testings,
the former with the objective to evaluate the implant’s risk of failure when exposed to
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Figure 5-1: A) Compression testing configuration to study the mechanical properties of interbody
cages. B) Representative samples of the metal blocks used for testing, which need to match the
geometrical shape of the cage. Images retrieved from the ASTM-F2207 standard [13].

cycling loading, and the latter to characterize its mechanical properties [105]. Further-
more, information about three different types of test equipment are available, i.e. axial
compression, compression-shear and torsion testing.

The set-up used for this project was for compression, as the one displayed in the draw-
ing in Fig. A 5-1 provided in the standard [103]. Starting from the top, the set-up
consisted of a hollow pushrod of 25 mm in diameter connected to the compression ma-
chine through a ball and socket joint. The pushrod had a concave spherical end to
match the truncated sphere of the superior fixture, to allow a minimal sphere joint.
The sphere had to be located at the geometric center of the cage. For the static tests,
the implant had to be compressed between two stainless steel blocks, featuring cavities
that matched the surfaces of the implant. These blocks had to be integrated to the
superior and inferior fixture with screws through matching holes. This is evident in
Fig. B 5-8.

5-1-2 ASTM-F2267 Standard Test Method for Measuring Load Induced Subsi-
dence of an Intervertebral Body Fusion Device Under Static Axial Com-
pression

This documents provides a standard procedure to perform mechanical tests to evaluate
load induced subsidence of the implant within polyurethane foam blocks. Unlike the
ASTM-F2207, this standard only mentions static mechanical testing, specifically axial
compression. The apparatus used to perform the test is the same as the axial compres-
sion configuration for the ASTM-F2077, Fig. 5-2, but using polyurethane foam blocks
instead of metal, to mimic cancellous bone. Indications about the properties of the
polyurethane foam blocks are also included, and the foam blocks have to conform to
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Figure 5-2: Subsidence test set-up. Image retrieved from ASTM-F2267 [13].

another standard which is the ASTM F1839. This document provides compositional,
physical and mechanical requirements for polyurethane foams used in the testing of or-
thopaedic devices, and the foams are classified into ten grades. This material is widely
used since it mimics the properties of cancellous bone, and the different grades provide
a range of mechanical properties. Grade 15 foam is the one employed for testing load
induced subsidence.

The first part of the test involves the characterization of the device stiffness Ky
using axial compression between two rigid metallic blocks, as done in ASTM-F2207.
The subsidence test follows, which is done by placing the device between polyurethane
foams prepared to match the geometry of the cage, as it would be during the surgical
procedure. Indications on the polyurethane foams are provided by F1839 [106]. The
compression test is used to quantify the stiffness of the system foams-device K, from
which it is possible to extract the stiffness of the polyurethane foams K, with the
following equation

Kst
Ky, = K K. (5-1)

K, is used as an indicator of the propensity of a device to sink into the endplates of the
vertebral bodies, and thus this value can be used to compare the cages with respect to
subsidence. Higher K, means a lower risk of subsidence of the cage into the adjacent
vertebrae. The report of the test has to include the stiffness data, yield load and the
description of failure. In the literature, research groups only include the subsidence
comparison in terms of displacement [17][107].
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Cervical Lumbar
G10 G15 G20 G10 G15 G20

P20 5 ) ) ) ) )
P30 5 ) ) ) ) )

Total 60

Table 5-1: Number of experiments performed. Five experiments were performed per each com-
bination according to the standard [13].

5-2 Test plan

Interbody cages and test substrates

The purpose of the current work was to investigate the mechanical responses to two
variables, i.e. the porosity of the implant in terms of its apparent density and the
density of the polyurethane foam to model different bone conditions. The selected
variables were combined for the lumbar and the cervical implants and are as follows:

e apparent density: 0.20 and 0.30 [14];
e grade: 10, 15 and 20 [106];

amounting to eighteen combinations for each type. The 0.20 apparent density corre-
sponded to 80% porosity, while 0.30 corresponded to 70%, therefore they were referred
to as P80 and P70 cages respectively. Grades 10, 15 and 20 corresponded to 160.2
kg/m3, 240.3 kg/m? and 320.4 kg/m?, respectively, with reference to standard ASTM-
F1839 for rigid polyurethane foams as testing materials in biomechanical studies. These
grades were selected to include a range of bone conditions, from osteoporotic (grade 10)
to normal (grade 15) to denser than normal (grade 20). The implants were provided

Cellular Rigid Polyurethane Foam (Sawbones)

Density Cell Size (mm) Compressive Modulus (MPa)
PCF kg/m?® Volume Fraction
10 160.2 0.14 0.5-2 23.0
15 240.3 0.20 0.5-1.0 68.4
20 320.4 0.27 0.5-1.0 137.0

Table 5-2: Closed cell polyurethane foam characteristics for testing subsidence [20].

by Amber Implants B.V. They were manufactured through SLM of Ti6Al4V ELI, and
were tested without applying any surface treatment. Figures A and B 5-4 display the
cervical and lumbar implants respectively. The designs for both feature a frame in solid
titanium and an inner porous lattice of diamond unit cell. The cervical implants had
dimensions 12x14 mm for the footprint and 10 mm in height, while the lumbar implants
were designed to have a footprint of 10x16 mm and height of 15 mm. Figures A and B
5-5 indicate the main dimensions of the cage designs.
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Figure 5-3: Mechanical properties of porous titanium according to the study of Ahmadi et al.[14].

Master of Science Thesis

Victoria Bruno



28 Biomechanical Testing

=m O
» o

Figure 5-4: Cervical (A) and lumbar (B) implants manufactured in porous titanium through
selective laser melting.
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Figure 5-5: Dimensions of the cervical (A) and lumbar (B) implants.

5-2-1 Sample preparation

The polyurethane foams (Sawbones; Pacific Research Laboratories, Inc.) were cut into
120 blocks to perform 60 experiments, 5 test samples per each test according to the
standard [13]. Table 5-1 summarizes the combinations and the number of experiments
performed. Since comparison of the offset yield displacements is included in the stan-
dard, it is stated that the foams could only be used once, while the cages could be
retested, unless microscopic and geometrical evaluation revealed damage or permanent
deformation. The dimension of the blocks for the cervical and lumbar experiments
were respectively 41x37x20 mm and lumbar 41x43x29 mm, and these blocks were pre-
pared to be tested along the direction of rise, which was indicated in the certificate
of compliance distributed by Sawbones. The direction of rise refers to the technique
used to manufacture these foams, through polymerization in free-rising [108] which can
cause anisotropic properties to the foam [109]. ASTM-F2267 includes indications for
test block height, referenced in Fig. 5-2, which should be 70 mm and 40 mm for test-
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Figure 5-6: Polyurethane foam samples prepared for DIC and compression testing.

ing lumbar and cervical implants respectively. The distance depended on the heights
of the implants, therefore being 15 mm for the lumbar implant and 27.5 mm for the
foam. The cervical cage height was 10 mm, meaning the foam needed to be about 15
mm. The final dimensions were slightly larger within an error tolerance of 1.5 mm.
The foams were then painted and speckled to perform digital image correlation (DIC),
labelled and marked to reference the centre to allocate the implant. The end results
are shown in Fig. 5-6.

5-3 Test set-up

Two compression tests featuring different testing conditions were performed according
to the standard ASTM F2267. The first consisted of the measurement of the stiffness
of the titanium implants, using the metal blocks, while the second part was done to
measure subsidence within the polyurethane foam blocks.

5-3-1 Compression test for implant stiffness

The components of the set-up for the compression test was provided by Amber Implants
B.V. [24], with the exception of the metal blocks to match the outer shape of the cervical
implants. Therefore two different set-ups were employed for the cervical and lumbar
implants, the latter not complying to the ASTM F2207.

The compression tests for the cervical implants were performed with the Zwick Z100
tensile/compression machine. Two metal plates were placed between the cage and the
fixtures. Furthermore both fixtures used allowed the accommodation of an angle of 3
° to match the surface of the cage. The strain rate applied was of 1.8 mm/min, the
end of test was set to 25 kN and the applied preload was 200 N, as indicated in the
standard [103].

The machine used to measure the stiffness of the lumbar cages between the metal blocks
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Figure 5-7: A) Set-up for the compression test to evaluate the stiffness of the cervical cages. B)
Close-up of the cervical cage being compressed.
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Figure 5-8: A) Set-up for the compression test to evaluate the stiffness of the lumbar cage. B)
Close-up of the lumbar cage between the metal blocks for compression.
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was a Zwick 250 kN tensile/compression testing machine and the set-up was according
to the standard F2267, Fig. 5-8. The end of test had to be set to 25 kN while a preload
of 500 N was applied. The compression rate was set to 1.8 mm/min within the range
suggested in ASTM F2207. The setup to test the cervical cages was different from the
suggested one in the ASTM F2207 due to the lack of metal blocks matching the cage
geometry, Fig. 5-7. The compression machine was Zwick 100 kN, and the preload and
compression rate were set respectively to 100 N and 1.8 mm/min.

5-3-2 Compression test for subsidence

For the subsidence test a compression machine with a lower load cell, of 10 kN, was
used to obtain more accurate results since the loading conditions were much lower
compared to the compression tests for the stiffness of the cages. The machine used
was the Zwick 10 kN tensile/compression test machine, the rate of compression was 6
mm /min and the end of test was set to a 5 mm displacement and/or 2250 N. The force
value was chosen through prior testing on trial samples to verify that the yield point
would be reached, since according to standard, the yield load had to be reported. It was
previously used in another study in the literature [107]. Furthermore, clinical studies
reported subsidence behaviour whenever the sinking of the cage was greater than 3
mm. Therefore, setting 5 mm implied subsidence within an acceptable displacement
range, assuming subsidence would occur symmetrically in the adjacent vertebrae.

5-3-3 Subsidence measurement

The crosshead displacement was assumed to correspond to the overall subsidence, oc-
curring in the superior and inferior foam blocks. Subsidence was compared at the
physiological loading values found in the literature [17][98]. Specifically, for the cervi-
cal cages subsidence was measured at 250 N, and for the lumbar cages at 280 N, which
are both higher than the actual loading in the body to allow a factor of safety. The
human head generates a load of 50 N on the cervical spine, and the failure loads at the
implant-endplate interface were reported to range between 754 and 2238 N [17][110].
The load for the lumbar cage is higher due to the additional weight coming from half
of the body. The selected load included a factor of safety of 4 and was used in previous
studies found in the literature [98][111] . Furthermore, the DIC system allowed to ver-
ify that the sinking of the cage within the foams occurred symmetrically up under the
physiological loading. This means that the subsidence values registered corresponded
to half of displacement within each foam block.

5-4 Statistical Analysis

The data collected by the compression machine and the DIC systerm were extracted
and analyzed with a custom script for MATLAB and Excel. The number of samples
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Figure 5-9: A) Set-up for subsidence testing and the DIC system. B) Close-ups of the implant-
foam assemblies for susbsidence testing. The top image shows the assembly with the cervical
cage, while the bottom image is with the lumbar one.
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per each experiment amounted to five, as suggested in the standard, and the statistical
method employed was the two-way ANOVA in order to assess the effects of the porosity
and the foam density independently, as well as their interaction with each other. When
comparing only one parameter, the stiffness of the cages varied with to porosity, a t-test
was performed. The level of significance in difference was defined as p < 0.05.

5-5 Digital Image Correlation System

The DIC system adopted in the current study was the VIC-3D 8 System (Correlated
Solution, Inc.; Irmo, US). Two cameras of 4 MP were placed approximately at a 30°
angle, put into focus and properly set through Vic-Snap software for visualization and
calibration. The DIC set-up is shown in Fig. 5-9.

The data collected was later processed with Vic-3D post-processing software. The first
step was the upload of the calibration images for recognition of the cameras allocations.
After analysis of the data, the software was used to evaluate whether the subsidence was
occurring symmetrically throughout the compression. In the current work, the focus
was set specifically on the sinking of the cage within the foams until the physiological
load. By verifying the symmetry of the phenomenon, it was possible to demonstrate
that the measured crosshead displacement was equal to half the subsidence in each foam
block. Furthermore, it allowed to extract a value of tolerance of the order of microns
for any difference between the measured subsidence in the top and bottom foams. This
was done by applying two extensometers from the option tools of the software, from the
cage to the top and bottom foams, to extract the change in length in percentage and
track any significant differences. The extensometers measured the change in length as

AL

E=—="=
Lo

(5-2)

where Ly is the original length corresponding to the first image set as a reference,
AL = Lasgo — Lo, and Lasgg is the final length measured at the physiological loading
of 280 N.
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Chapter 6

Computational Study

This chapter opens with the scope of the computational study, which serve as a brief
explanation and introduction for the materials and methods hereby described.

6-1 Scope

Titanium is largely employed as a biomaterial for biomedical applications, and more
so for orthopaedic implants [112], which imply contact with bone. The main drawback
for these applications is the stress-shielding effect, caused by the difference in Young’s
modulus between titanium implant and bone, resulting in bone absorption. The solid
titanium, specifically Ti6Al4V- ELI for this study, is characterized by a Young’s mod-
ulus of 110 GPa, while porous titanium can see its Young’s modulus decrease a couple
of orders of magnitude, ranging between 1-4 GPa [113]. The introduction of porous
titanium opened new possibilities for surgical orthopaedics, although it cannot fully
replace solid titanium to withstand the physiological loads, such as the compressive
forces in the spine.

The computational part of the project served as an exploratory study to understand
the influence of the thickness of the cage frame. The biomechanical study was thought
to reveal differences in stiffness when changing the cage porosity. Since the implant
was designed to have an outer frame in solid titanium, which had constant material
properties when varying the porosity of the porous regions, an investigation on the
influence of the solid-to-porous ratio was included. The design variables for the cage
were numerous, therefore a computational study was used for a preliminary evaluation
of the solid-to-porous ratio of the frame thickness of the cage.

In this chapter, the finite element models developed for the computational study are
described. The three finite element models differed in the solid-to-porous titanium
ratios of the cages to explore the degree of influence of the frame in solid titanium
when analyzing the stiffness of both the cage and the cage-foam system. It was impor-
tant to keep the cage geometry unvaried between the models, since the cage contact
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surface, i.e. cage footprint, was demonstrated to influence subsidence [17] and since
stiffness is dependent on physical dimensions. Moreover, the stiffness was evaluated for
all porosities and foam densities, including the two extreme cases of fully porous and
solid cages.

6-2 Geometries and material properties

Figure 6-1: A) Design of the cervical implant used for the biomechanical study. B) Simplified
cervical implant used for the computational study with focus on the thickness of the solid frame.
For both A and B, the parts in black are in solid titanium, while the gray regions are in porous
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\

Figure 6-2: Representation of the three main parts of the simplified cage. On the left, the
posterior solid shield; in the middle, the cage frame in solid titanium; on the right, the porous
core. The images represent cage C20, thus the on with 20% of solid frame.

Three models comprising of the implant-block assembly were developed using the finite
element analysis (FEA) software Abaqus. The cage was simplified, maintaining the
main features of the real case, such as the central and lateral apertures, but most
importantly respecting the differentiation between porous and solid titanium parts
throughout the cage. The main dimensions were kept unvaried, being 12x14 mm and
height of 10 mm. The cage contact area measured 100.9 mm? taking into account the
central hole, and was kept constant between the three models to make sure that the
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[l

Figure 6-3: Figure A displays the model of a simplified cervical cage. The colours correspond
to different material properties, with black being solid titanium, gray porous titanium and yellow
the polyurethane foam. Image A displays the implant-block system. Image B showcases the top
views of the three cages used for this investigation, to highlight the differences in frame thickness.
CO refers to 0%, C20 to 20%, and C40 to 40% of solid frame.

changes of stiffness would not depend upon geometrical changes, but solely upon the
different material distribution. The frame of the cage measured 1.5 mm, of which the
solid titanium occupied 0% in the first model, 20% in the second model, and 40% in the
third model (Fig. 6-3). From this chapter onwards the models will be referred to as CO,
C20 and the C40 for simplicity. The parts comprising the cage were three: the solid
frame, the porous core and an posterior solid shield, as shown in Fig. 6-2. The porous
regions were modelled using the material properties according to the work of Ahmadi et
al. [14], as opposed to the elaboration of a geometrical lattice. The porosities used for
the computational investigation were the ones used for the biomechanical tests, P70 and
P80, with the addition of a third more porous case P90. Moreover, the foam block was
reduced in size compared to the real block used for the biomechanical test, to measure
24x24 mm, but leaving the height of 20 mm unvaried. This was done to reduce the
computational time, and was acceptable since the model was not used for validation
purposes and the compression tests revealed no strain variations throughout the foam.
The implementation of the material properties of bone for the block was considered,
but was ultimately built using the same properties of the polyurethane foams to allow
the validation of the biomechenical tests in future steps. The material properties were
simplified to be linear elastic and are all reported in Tab. 6-1.
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Components Young’s modulus (MPa) Poisson’s ratio Reference
G10 23.0 0.2 [20][109]
Foam block G15 68.4 0.2 Sawbones
G20 137.0 0.2
P90 406.9 0.47
Porous titanium P80 1577.5 0.45 Ahmadi et al. [14]
P70 3328.4 0.43
Solid titanium 110000 0.34 Niinomi et al. [112]

Table 6-1: Material properties in the finite element models.

6-3 Interaction properties and boundary conditions

6-3-1 Stiffness of the implant

For the evaluation of the stiffness of the cages for all the material combinations, the
C0, C20 and C40 models were analyzed without the block. The bottom reference point
was coupled directly to the bottom of the cage and fully constrained. Furthermore, a
concentrated force of 15 kN, which had to be lower than the yield load observed in the
mechanical tests, was applied the top reference point coupled with the top surface of
the cage . The reference points were used to extract the force-displacement data to
compute the stiffness of the cage.

6-3-2 Stiffness of the implant-block system

The model was composed of the foam block and the different parts constituting the
simplified cage. The implant-block interface was modelled with a tie contact. The only
force in the simulation was normal to all parts, therefore it was not necessary to include
friction due to the absence of tangential components. Furthermore, two reference points
at the top and at the bottom of the implant-block assembly were included and coupled
respectively to the top surfaces of the cage and the bottom surface of the foam, as shown
in Fig. 6-3. The reference points were used to apply the boundary conditions and to
extract the data for force-displacement data to compute the stiffness of the implant-
block system. The bottom point was fully constrained, while a concentrated force of
280 N was assigned to the top reference point (Fig. 6-4. The force magnitude was
selected to stay within the linear region of the force-displacement graphs in accordance
with the experimental study carried out in this study.

6-4 Mesh

Quadratic tetrahedral elements C3D10 were employed for the finite element models.
A convergence study was conducted for the models used to assess the influence of the
frame thickness by applying a concentrated force of 100 N to the top surfaces of the cage
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Figure 6-4: A) On the left, representation of the coupling between the reference points and the
surfaces of the cage indicated by the red lines; on the right, the concentrated force is applied
to the reference point on the top, and an encastre boundary condition to the bottom reference
point. B) On the left, representation of the coupled reference points and the tie interaction at
the implant-foam interface indicated by the red lines and the red circles respectively; on the right,
depiction of the applied load and encastre for the model of the system.

and comparing the maximum displacement values. The number of elements employed
in the selected mesh amounted to 224924 for C0, 227782 for C20, and 227225 for C40.

6-5 Limitations and assumptions

The goal of the computational study was to understand and explain the results obtained
in the experimental study. For this reason a simplified cage was designed instead of
the real implant to make it computationally efficient and verify the hypothesis. In the
simplification, the draft angle of 3° for the cage and the matching foam was neglected.
By assuming a zero draft angle, the tangential forces were assumed to be zero. The
top and bottom surfaces were designed without the teeth displayed in the real implant,
simplifying the contact problem. All material properties were assumed to be linear
elastic, although in reality the foam blocks display a viscoelastic behaviour. The loads

Master of Science Thesis Victoria Bruno



40 Computational Study

o, =

A,

LAY U
PR R
G AR

2o

VAVAVAVE,

X2

2
VAVAVA

prATAT
V4

5
¥
K
§
5

O,
OGN
o

2
i
TAVAVAN

2

Y
\l\nn\lﬁ
Y
AR
NN
Y

\m‘

AR
RN
NN N
““ggm N

Figure 6-5: Examples of two mesh sizes employed during the convergence study of the model.
On the left, the mesh size is 1 mm, while it measures 0.6 mm in the model on the right.

and displacements selected for the current study were within the linear elastic range
observed in the experimental part of this work.
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Chapter 7

Results

This chapter is divided into two main parts to differentiate between the results for the
biomechanical testings and the computational study.

7-1 Biomechanical Study

7-1-1 Stiffness of the implants

The compression tests for the evaluation of the cage stiffness, Ky, revealed the mea-
surements given in Tab. 7-1 and 7-2 with p-values of 0.8046 and 0.3849 between the
two porosities, respectively for the cervical and lumbar tests, thus indicating that the
variations were not significant. Figure A 7-1 displays two bar-plots for the stiffness of
the cervical implants on the left, and for the lumbar implants on the right.

Cervical Implants

Stiffness (N/mm)
P80 55277.52+11132.61
P70 49513.94+13414.42

Table 7-1: Stiffness for the cervical cages.

Lumbar Implants
Stiffness (N/mm)
P80 53036.97+11089.53
P70 47294.081+9667.70

Table 7-2: Stiffness for the lumbar cages.
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Figure 7-1: A) Graphic comparison of the mean stiffness values K of the cervical (left) and
lumbar (right) implants, in the two porosities (P80, P70). B) Bar-plots displaying the mean
stiffness values of the implant-foam systems, K, on the left for the cervical cages and on the
right for the lumbar cages. The graphs present combinations with both porosities (P80, P70)
and substrate densities (G20, G15, G10). In both A and B, the error bars indicate the standard

deviations.

7-1-2 Stiffness and yield load of the system

The data extracted from the compression machine was used to compute the mechani-
cal properties of the system composed of the implant-foam block. Tables 7-3 and 7-4
display the stiffness values, K, and yield loads, F}, of the cervical and lumbar set-ups
respectively. The stiffness values resulted from linear regression between 50 and 150 N
for all experiments, while the yield loads corresponded to the values found by plotting a
line of slope K through the offset displacement. A feature for the experimental set-up
was that the pushrod had to freely rotate on top of the spherical superior fixture. This
caused for some experiments a toe region of approximately 0.7 mm for misalignment.
Therefore, a slack correction rounded to 1 mm was applied, and consequently the dis-
played data ranges from 0 to 4 mm of displacement.

For both cervical and lumbar cages, the statistical analyses revealed no significant
difference in the stiffness of the systems between the two porosities. On the other
hand, the effect of substrate density was significant (p < 0.05; order of 1073 for
the lumbar cages and order of 107! for the cervical implants). For the cervical im-
plant, the statistical analysis revealed p = 0.475 for the porosity parameter. From
lower to higher substrate density, the stiffness values were respectively 225.284+45.37
N/mm, 378.53+70.15 N/mm and 497.59+105.73 N/mm for the most porous cage, ver-
sus 197.39441.13 N/mm, 382.274£48.26 N/mm and 574.64+62.16 N/mm for the least
porous cage. The change caused by substrate density was significant. Taking the
medium-density foam as a reference, having the closest properties to healthy bone, the
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system stiffness was twice the stiffness of the system with the lower density foam for
P70, and 1.7 times for the higher porous cage. The stiffness of the system for the
high-density foam was approximately 1.5 the value of the K for the medium-density
foams for P70 (574.64+62.16 N/mm versus 382.274£48.26 N/mm), and 1.3 times for
P80 (497.594105.73 N/mm versus 378.53+£70.15 N/mm).

In the systems with the lumbar cages, p = 0.619 when comparing the cage porosi-
ties, indicating that the differences found were not significant. From lower to higher
substrate density the K values were respectively 158.65+47.99 N/mm, 379.03+27.87
N/mm and 628.874+69.25 N/mm for P80, versus 198.504+15.25 N/mm, 445.404+79.63
N/mm and 570.80+94.54 N/mm for P70. As for the change in the substrate density,
K, for the medium-density foams was a little more than twice the one for the low-
density foams. The bar-plots in Fig. B 7-1 display all the mean values of the extracted
data for the cervical (left) and lumbar (right) implants . Figures 7-2 and 7-3 provide
the force-displacement curve for all the tested cervical and lumbar combinations. The
p-values for the overall interaction of the two parameters for the cervical and lumbar
experiments were respectively 0.210 and 0.102. Figure A 7-4 shows the graphs compar-
ing the mean curves with 95% confidence intervals for the different substrate densities,
only for the cages of 20% apparent density. The image on the left refers to the data
with the cervical cages, while the graph for the lumbar implants is on the right. These
were obtained by averaging the data from the five repetitions, for each grade. The same
curves for the P70 cages were not included since the first analysis revealed no statis-
tical difference when changing the cage porosity. The curves were intersected with a
line corresponding to the physiological loads, respectively of 250 N and 280 N for the
cervical and lumbar experiments to find the corresponding mean deformation values.
The triangle in the plots of Fig. A 7-4 indicate such intersection to highlight that such
deformations stayed within the elastic region of the systems, with the exception of the
low-density substrate for the cervical system.

Cervical

Low-Density Substrate Medium-Density Substrate High-Density Substrate

Stiffness (N/mm) Yield Load (N) Stiffness (N/mm) Yield Load (N) Stiffness (N/mm) Yield Load (N)
P80 225.28+45.37 375.09+27.86 378.53£70.15 811.60+56.98 497.59+105.73 1033.38+95.66
P70 197.394+41.13 385.85£57.07  382.27+48.26 784.514+59.71 574.641+62.16 941.53+39.01

Table 7-3: Stiffness and yield load of the systems with the cervical cages.

Lumbar

Low-Density Substrate Medium-Density Substrate High-Density Substrate

Stiffness (N/mm) Yield Load (N) Stiffness (N/mm) Yield Load (N) Stiffness (N/mm) Yield Load (N)
P80 158.65447.99 390.54+29.21 379.03+£27.87 825.49+43.79 628.87+69.25 1062.87443.06
P70 198.504+15.25 399.84+48.46  445.40+79.63 817.53+45.06 570.80+£94.54 1046.76435.25

Table 7-4: Stiffness and yield load of the systems with the lumbar cages.
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Figure 7-2: Force-displacement curves for the cervical implant-foam systems.
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Figure 7-3: Force-displacement curves for the lumbar implant-foam systems.
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Figure 7-4: A) Force-displacement curves for the cervical cages on the left, and the lumbar
cages on the right. Each graph displays three curves of the means and 95% confidence interval of
the tests performed with the three foam densities (G20, G15, G10). The data represented is for
the cage with 20% apparent density (P80). B) Bar-plots displaying subsidence at physiological
loading (250 N for cervical and 280 N for lumbar implants) for all the foam grades and porosity
combinations. The left graph refers to the experiments for the cervical implants, while the one of
the right is for the lumbar implants. The error bars indicate the standard deviations.
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7-1-3 Stiffness of the polyurethane foam blocks

Cervical

Stiffness of the polyurethane foams K, (N/mm)

Low-Density Foam Substrate Medium-Density Foam Substrate High-Density Foam Substrate
P80 226.20+79.01 381.15+£129.83 502.11+178.95
P70 198.18£86.57 385.24+155.95 581.38+232.72

Table 7-5: Stiffness of the polyurethane foams extracted from the systems with cervical cages.

Lumbar

Stiffness of the polyurethane foams K, (N/mm)

Low-Density Foam Substrate Medium-Density Foam Substrate High-Density Foam Substrate
P80 159.124+67.36 381.76+116.72 636.41+201.87
P70 199.34+32.11 449.63+102.18 577.78+125.47

Table 7-6: Stiffness of the polyurethane foams extracted from the systems with lumbar cages.

The stiffness of the polyurethane foam blocks, K, for each set of experiments was eval-
uated by modeling the subsidence testing system as two springs in series as suggested
in the standard. The resulting equation was:

K, = KKa (7-1)

Kd - KS

where K, was the stiffness of the system obtained from the compression machine,
while K, represented the device stiffness from the compression tests with the metal
blocks. The standard deviations were evaluated through error propagation equations.
Indicating the denominator of Eq. 7-1 as an arbitrary variable K., the uncertainty
between the subtracting terms, 0 K., was evaluated as follows:

K, =K,— K, (7-2)

K. =\ 0Ks* + 0K,* (7-3)

The resulting uncertainty 6K, was plugged into Eq. 7-4 to compute the uncertainty
0K

D

51, = 1y [ (OB 4 (e (e, (7-0)

The uncertainty resulting from Eq. 7-4 referred to the standard deviation for the foam
stiffness K),. The results are summarized in Tables 7-5 and 7-6. The statistical analysis
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revealed that there was a significant difference with the variations in foam density
(p = 0.0239 for the lumbar tests and p = 0.0269 for the cervical ones) while there was
no significant difference by changing between P80 and P70 (p = 0.725 for the lumbar
and p = 0.629 for the cervical).

7-1-4 Subsidence

Subsidence was higher in the low-density foam, as a consequence of the lower compres-
sive modulus of the foam. The differences among the three foam grades were significant
in both the cervical and lumbar cases, whereas the change of cage porosity had no effect.
Subsidence was compared and displayed in bar graphs in Fig. 7-4. Similarly to what was
observed for the comparison of the stiffness of the systems, the change of the apparent
density of the cages had no significant effect on subsidence (p = 0.602 for the cervical
cages; p = 0.202 for the lumbar cages). Contrarily, the change of substrate density
provoked statistically significant changes in the measured subsidence. For the cervi-
cal cages, subsidence in the medium-density foams was approximately 20% more than
the ones measured for both apparent density values in the high-density foams. When
comparing the medium-density with the low-density foams, subsidence was found to in-
crease by 45% in the lower density material. For the lumbar cages the low-density foam
saw almost a 60% increase in subsidence compared to the medium-density substrate
for both apparent density values. Instead, the denser substrate reduced subsidence by
24% for P70 and 41% for P&0.

Subsidence of the cervical implants at 250 N (mm)

High-Density Substrate Medium-Density Substrate Low-Density Substrate
P80 0.56440.099 0.731+0.077 1.333+0.237
P70 0.549+0.112 0.699+0.071 1.305+0.166

Table 7-7: Subsidence at 250 N for the cervical implants with different porosities (P80, P70)
combined with substrates of three densities.

Subsidence of the lumbar implants at 280 N (mm)

High-Density Substrate Medium-Density Substrate Low-Density Substrate
P80 0.456+0.051 0.779+0.072 1.787+0.243
P70 0.497+0.075 0.658+0.121 1.6574+0.194

Table 7-8: Subsidence at 280 N for the lumbar implants with different porosities (P80, P70)
combined with substrates of three densities.

7-1-5 Digital Image Correlation Data
Since the image recording was triggered manually, the first step for the post-processing
of the images from the DIC setup was to remove the data prior to reaching the preload

value of 15 N. This allowed to have the image corresponding to the preload value as
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Figure 7-5: Figure A shows the reference image, in which the displacement distribution along the
load direction is zero throughout the system. Figure B shows a capture at 780N arbitrarily chosen
to illustrate an example of the measured displacement distribution along the y and z axes (refer
to Fig. 7-6 for the coordinate system). Three points on the top and bottom foams respectively
are selected, as well as two points on the cage.

the reference image for the following displacement calculations. Figure 7-5 illustrates
the reference image for the displacement calculations with the selected points for ob-
servation. Three points were selected, i.e. at the top and bottom foams, from left to
right, to check any rotation occurring around the z-axis, with reference to the coordi-
nate system in Fig. 7-6. The occurrence of foam rotation was verified by comparing
the values of the deformations along the y-axis, indicated as V' in the post-processor,
of adjacent reference points. No rotation of the foams was registered, as there was an
average variation of less than 0.01 mm.

Furthermore, two points were selected, i.e. the top and bottom of the cage to extract
displacements in the z-axis due to the tilting around the z-axis, parallel to the page.
These reference points were used to verify that the tilting was not occurring before
the physiological load was reached, by comparing the deformation along z referred to
as W. The difference in deformation of 1 mm between the top and bottom references
on the cage translated into the tilting, and was easily spotted by viewing the images.
The tilting occurred at different mean loads according to the grade, but always way
above the physiological load. For the high-density foam tilting occurred at approxi-
mately 970+68 N, for the medium-density foam at 770+74 N, and for the low-density
at 480468 N.

The main purpose of using the DIC system was to verify that subsidence was occurring
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Figure 7-6: 3D plot of the set-up showing the reference axes in the Vic3D post-processing

software.
Lumbar
Ey — E1 [%] at 280 N
Medium-Density Foam Substrate High-Density Foam Substrate
P80 0.22+0.1 0.48+0.1
P70 0.16+0.2 0.15£0.1

Table 7-9: Average and SD of Ey — F; at physiological loading, 280 N in percentage, over all
the repetitions for the experiments post-processed with DIC. Ey (Eq. 5-2) referred to the change
of length between the top foam and the implant, while F; indicated the change of length between
the bottom block and the implant.

symmetrically, through the method explained in the previous chapter. Figure 7-7 dis-
plays an example of the applied post-processing tool, while Tab. 7-9 shows the average
differences between the extensometers applied respectively between the top and bot-
tom foams and the implant. With reference to the formula in Eq. 5-2, Ey was used to
indicate the change of length between the superior block and the implant, while E; was
for the lower block. For each of the five repetitions combining the high- and medium-
density foam with the P80 and P70 cages, Ey and F; were extracted and averaged. The
differences of the averages were reported in percentages and the results demonstrated
that subsidence was occurring symmetrically within the range of loads of interest.

The strains were also computed with the software and it was verified that strain changes
were in the order of magnitude of 107® mm in all directions, therefore did not inter-
fere with the measured subsidence. The use of the extensometer tool was possible for
the lumbar cage combinations with the medium- and high-density foams, but was not
possible for the low-density foam and for none of the experiments with the cervical
cage, due to the inability to create the plot of the speckle pattern by the software.
Although DIC is known for being an unsuitable method for accurate measurements of
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Figure 7-7: Application of extensometers to check differences in the change of length between
the top foam-implant, and bottom foam-implant. The extensometers were aligned along the
centre of the foams-cages for all experiments.

porous materials, it helped monitoring the changes at macro-scale, such as the titling
and symmetrical behaviours, and could be considered for similar purposes in analogous
studies.

7-2 Computational Study

7-2-1 Stiffness of the implants

Stiffness of the cage (N/mm)

FP Co C20 C40 FS
P70 15679.22 17131.03 21512.69 25233.15 516924.1
P80 7508.86  10489.91 13462.47 16370.15
P90 1968.229 5631.296 7553.612 9775.076

Table 7-10: Stiffness of the cage with all combinations of porosities (P70, P80, P90) and
solid-to-porous ratios (FP, CO, C20, C40, FS).

The stiffness values for all the combinations of porosities and solid-to-porous ratios
are reported in Tab. 7-10, ranging from the lowest porosity, P70, to the highest P90,
and from the fully porous to the fully solid titanium cages. The bar-plot in Fig. A
7-8 helps with the comparison of all the resulting stiffness values, with the exception
of the stiffness for the fully solid cage being greater than all the other values of one
order of magnitude. The comparison revealed that the stiffness was influenced by
porosity changes for the simplified cage design. Moreover, the stiffness increased with
the increase of solid-to-porous ratio, from fully porous to the fully solid cage. The
stiffness decrease from P70 to P90 was 87% for the FP implant, 67% for C0, 64% for
C20, and 61% for C40, demonstrating that the increase of the solid-to-porous ratio
decreased the effect of the change in porosity. Furthermore the stiffness decrease from
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C40 to C20 was around 22% for P90, 17% for P80, and 14% for P70.

7-2-2 Stiffness of the implant-foam system

Stiffness of the system using CO (N/mm)

Low-Density Substrate Medium-Density Substrate High-Density Substrate

P70 413.803 1211.32 2371.88
P80 410.5511 1185.306 2278.405
P90 395.1515 1074.24 1921.76

Table 7-11: Stiffness of the implant-substrate system using the cage with 0% solid titanium
frame (CO0) for all the foam densities and porosities (P70, P80, P90) combinations.

Stiffness of the system using C20 (N/mm)

Low-Density Substrate Medium-Density Substrate High-Density Substrate

P70 414.29 1215.55 2388.20
P80 411.58 1193.82 2309.64
P90 399.12 1102.23 2008.23

Table 7-12: Stiffness of the implant-substrate system using the cage with 20% solid titanium
frame (C20) for all the foam densities and porosities (P70, P80, P90) combinations.

Stiffness of the system using C40 (N/mm)

Low-Density Substrate Medium-Density Substrate High-Density Substrate

P70 414.63 1218.37 2398.69
P80 412.34 1199.69 2330.52
P90 402.29 1123.24 2072.29

Table 7-13: Stiffness of the implant-substrate system using the cage with 40% solid titanium
frame (C40) for all the foam densities and porosities (P70, P80, P90) combinations.

The stiffness values ranged from 413.803 N/mm, which was the minimum value corre-
sponding to the most porous implant with the low-density substrate in the CO cage,
to 2398.698 N/mm for the C40 cage combined with the lowest porosity and greatest
foam density. An overview of all the stiffness values for the implant-foam system is
shown in Tab. 7-11, 7-12 and 7-13, while a graphic representation is provided in Fig.
A 7-9. The stiffness values of the assemblies of same porosity cages and foam grade
over the different solid-to-porous ratios underwent slight variations, in the order of 10*.
The same applied to the effect of the porosity change, when comparing systems with
constant foam grade and solid-to-porous ratios. In accordance with the results of the
biomechanical study, the variation in cage porosity did not provoke changes in the over-
all stiffness, while the change of substrate density was significant. Figure B 7-9 exhibits
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an example of displacement distribution when comparing systems with same porosity
and foam grade over different frame thickness.

7-2-3 Subsidence

Tables 7-14, 7-15 and 7-16 present an overview of the computed subsidence as the
maximum displacement value observed at the implant-block interface. Figure 7-10
displays the comparison of the displacement distribution on the surface of the block
interfacing the implant over different foam grades. The stress distribution did not
undergo changes when using the same frame thickness over different porosities.

Subsidence for CO (mm)

Low-Density Substrate Medium-Density Substrate High-Density Substrate

P70 0.694 0.236 0.121
P80 0.698 0.243 0.131
P90 0.736 0.225 0.115

Table 7-14: Subsidence as maximum displacement of the top surface of the block using the
cage with 0% solid titanium frame (CO) for all the foam densities and porosities (P70, P80, P90)
combinations.

Subsidence for C20 (mm)

Low-Density Substrate Medium-Density Substrate High-Density Substrate

P70 0.694 0.236 0.120
P80 0.699 0.240 0.128
P90 0.723 0.213 0.120

Table 7-15: Subsidence as maximum displacement of the top surface of the block using the cage
with 20% solid titanium frame (C20) for all the foam densities and porosities (P70, P80, P90)
combinations.

Subsidence for C40 (mm)

Low-Density Substrate Medium-Density Substrate High-Density Substrate

P70 0.693 0.236 0.114
P80 0.698 0.239 0.115
P90 0.714 0.229 0.126

Table 7-16: Subsidence as maximum displacement of the top surface of the block using the cage
with 40% solid titanium frame (C40) for all the foam densities and porosities (P70, P80, P90)
combinations.
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Figure 7-8: A) Bar-plots displaying the stiffness of the cages for the all porosities (P70, P80,
P90) and frame thickness (C0, C20, C40) combinations. B) From the top, stress and displacement

distributions comparison with constant porosity P90 and variable frame thickness. From left to
right, CO, C20 and C40.
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Figure 7-9: A) Bar plot displaying the implant-substrate system stiffness using the models with
0% (C0), 20% (C20) and 40% (C40) solid frame with all combinations of porosities and foam
grades. B) Example of the comparison of displacement distribution for the cages C0, C20 and
C40, with constant porosity P90 and foam density G20.
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Figure 7-10: Displacement distribution of the block surface interfacing with the implant. From
left to right, the foam densities were G10, G15 and G20 for the simulations with constant porosity
P90 and cage CO.
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Chapter 8

Discussion

This section presents extensive discussion on the findings, related to the outcomes of
previous studies in the literature and to the research questions outlined in Chapter 4.

8-1 Spinal cage porosity and bone density

8-1-1 Mechanical properties of porous spinal cages

The experiments of this thesis did not reveal any significant effect of the change of
apparent density of the cage on subsidence. The hypothesis was that lower stiffness of
the overall system would be observed by using a cage with greater porosity, indicating
lower stresses at the implant-bone interface, and consequently a lower risk of subsidence.
The implants used in this study featured a titanium frame surrounding a lattice of
diamond unit cells. Two types of cages were tested which differed from each other in
apparent density by 10%. Specifically, the lighter cage (P80) was characterized by a
lattice with Young’s modulus of 1577.5 MPa, while the heavier one (P70) had elastic
modulus of 3328.4 MPa, with reference to the work of Ahmadi et al. [14] and as
validated by a finite element model. Although the lattices in the two cages differed in
Young’s modulus by approximately 71%, the stiffness of the systems with the cervical
implants during the compression tests to measure subsidence varied only by 13% for
the low-density foam, 1% for the medium-density foam and 14% for the high-density
foam. For the lumbar cages the differences in percentage of the system stiffness from
the lower to the higher-density foams were respectively 14%, 16% and 9.5%. The
variations in both the lumbar and cervical cases could not be considered statistically
relevant. The same was found for the stiffness measurements of the lumbar cages,
where the P70 cage increased in stiffness by only 4% compared to the P80 cage. In a
computational study conducted by Zhang et al.[98], the range of motion (ROM) of the
spine, cage and endplate stresses were compared between an intact spine and different
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surgical models with various cages. Among the analyzed implants, three types of fully
porous and partially porous devices with 65%, 75% and 80% porosity were modelled
through the determination of their mechanical properties. The data was retrieved from
a previous mechanical study [114] which made use of a lattice with an eight-pillar unit
cell. Interestingly, Zhang et al. reported a difference of almost 79% between the Young’s
moduli of the 75% and the 80% porosity samples, which caused greater distinction in
the simulated endplate stress than the cage stress. Moreover, the variation between
porosity was significant only for the maximum stresses of the endplates evaluated for
the fully porous implants. These findings helped in triggering some considerations for
the current study. A 5% change of porosity, from 80% to 75%, reported by Zhang et
al. had a greater effect on the variation of Young’s modulus (= 79%) compared to the
10% change using the diamond unit cell which was found to provoke a 71% variation.
In a partially porous implant, such as the ones used for this study, when changing
the porosity there were no major effects on the maximum stresses of the cage and the
endplates, unlike what was found for the fully porous implants. Since the partially
porous devices are thought to have the outer frame in the solid material with a porous
inner part, the findings of the current biomechanical study supported the question for
the research: could the lack of stiffness variation in the implant and in the overall
system be an effect of the presence of the frame in solid titanium? In fact, the outer
frame in the designed cages had apparently narrower area than the regions designated
for the lattice, but in terms of contact area, the smooth titanium had greater contact
area. This means that the effects given by the changes in the inner porous core could
be hypothesized to be attenuated by the unvaried outer frame. This consideration led
to the development of the finite element model to explore the influence of the frame
thickness, of which outcomes are discussed in the next section. From a mechanical
perspective, the idea of having a range of implants differing in apparent density for the
purpose of achieving an optimal bone-implant interface revealed to be ineffective.

8-1-2 Implications of the findings for the in-vivo performance

If considering the in-vivo performance of the implant, the lack of variation of the
mechanical properties when changing porosity can be advantageous. Van Bael et al.
[115] for instance studied the seeding of human periosteum-derived cells combining
three different pore shapes in two sizes for selective laser-melted Ti6Al4V scaffolds.
Even though only two dimensions were analyzed, the study interestingly concluded that
incorporating smaller and bigger pores in a lattice, and of locating them functionally
within the structure would lead to improving both the seeding and proliferation of cells.
In fact, wider pores of 1000 pum are beneficial for nutrients and fluid flow, but when the
cells are in their initial seeding phase, lower permeability, obtained by narrower pores
(500 pm), is helpful for their attachment. Therefore, ideally the wider pores should be
in the inner parts of the lattice, while the narrow pores would improve the initial seeding
in the peripheral cage. As a lower limit of the diameter, it was observed that pores
should be at least 100 pm to allow good bone ingrowth [116]. Tissue growth was also
found to be more responsive to local curvature [117], therefore this should be taken into
consideration when designing the structure layout. Furthermore, different treatments to
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control wettability of titanium have been investigated [118][119][120], which represents
an interesting property for orthopaedic implants. Depending on the contact angle
formed between surface and liquid, a material can be hydrophilic or hydrophobic, Fig.
8-1. In the first case, the angle is greater than 90A¥, while in the latter it is acute,
resulting in a smaller contact area. Gittens et al. [121] reviewed different studies on
contact angles of dental implant surfaces and highlighted an analogous consideration
outlined earlier for permeability. A hydrophilic behavior can be beneficial in the cell
adhesion stage, but research has shown this could also provoke reduced cell motility,
thus loss in cell functions once they are seeded. All these aspects need to be investigated
in combination in order to find an optimal condition.

Although porosity is important to trigger cell proliferation, its assessment needs

Hydrophilic Hydrophobic
Surface Surface
A\ m
contact angle low high
adhesiveness good poor
wettability good poor

Figure 8-1: Contact angle in hydrophilic and hydrophobic surfaces. Image retrieved from [15].

to go beyond the purposes of tissue engineering. For instance, it has to have good
manufacturability, while withstanding the compressive forces in the spine. Therefore
the lack of differences in the mechanical performance between the P80 and P70 implants
in the present research could be considered advantageous, opening the opportunity to
further study the biological effects of employing different lattices, with the certainty
of being mechanically adequate. Furthermore, with the findings of the current study
suggesting that there is no difference in mechanical properties caused by varying the
porosity, the manufacturing of implants featuring functionally graded lattices could be
considered, from which fusion would greatly benefit.

8-1-3 Polyurethane foams for biomechanical tests of different bone densities

The current work also highlighted that the change of bone mineral density at the in-
terface with the implant has a significant effect on subsidence occurrence, which is
in accordance with previous studies [17][122][36] [77]. The degree of influence was
assessed with the employment of three foam densities, to simulate low, average and
above-average bone conditions. For all the mechanical testings and the simulations,
the change in foam density was significant. While three variants of the bone condi-
tion were evaluated, the most interesting findings to comment upon are the differences
between the medium- and low- density foams. The reason for this is that the medium-
density foam was used to simulate the average condition of bone, while the low-density
foam can be easily related to the condition of bone in osteoporotic patients, while the
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Healthy bone Osteoporosis

Figure 8-2: Comparison between healthy and osteoporotic bone. Image retrieved from [16].

high-density foam was used to provide a wider range to prove the influence of BMD.
Figure 8-2 provides a visual representation of the lesser dense osteoporotic bone.
Starting from the analysis on the stiffness of the implant-foam systems, for the P70
cervical implant the system stiffness decreased by 40.5% and 48% for P80, while the
change in stiffness for the lumbar implants was about 10% higher than the values
observed for the corresponding systems with cervical implants. The plots of the force-
displacement curves in A 7-4 highlight the effect deriving from the change in substrate
density, revealing also a slightly greater difference when comparing the systems with
the medium- and low-density foams instead of the comparison between the medium-
and high-density foams. The same decrease percentages were observed in the calculated
stiffness for the foams. It should be noted that the evaluation on the error propaga-
tion was conducted, which resulted in high uncertainty values at approximately the
same order of magnitude of the corresponding mean values. Furthermore, subsidence
decreased around 20% between the medium- and low-density for both cages.

Suh et al. [17] demonstrated in their study that the most influential factor for implant
performance is the condition of the underlying bone, when comparing it with factors
such as cage size and material. The group investigated different cages complying to
the ASTM-F2267 standard for load induced subsidence, and in order to evaluate the
influence of the underlying bone, they tested using two foam grades. According to
the nomenclature in ASTM-F1839, the selected foams were grade 20, with a density
of 320.4 kg/m?3, and was intended to mimic the case where the cartilaginous endplate
is preserved, and grade 10 of 160.2 kg/m? to model the case in which the endplate is
totally removed and the implant is directly in contact with trabecular bone. Although
being useful to highlight the influence of bone density, the experiment conducted by the
group should not be considered representative of their desired scenarios. ASTM-F2267
indicated grade 15 for subsidence testing because it represents the average properties
of trabecular bone, but to investigate the influence of bone density it made sense to
test using a different foam grade. What could be questionable in the study conducted
by Suh et al. was found to be the rationale behind the use of the two grades. Rigid
polyurethane foams are widely used for biomechanical testing and their composition is
standardized in ASTM-F1839. In X1.2 of the appendix, it is stated that these foams
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Figure 8-3: Cervical cages in SizN4 used for the study by Suh et al. [17]. On the left, the cage
with an empty core; on the right, the cage core is filled with load-bearing porous SizNy.

exhibit mechanical properties which are similar to cancellous bone. Comparing for
instance only the Young’s modulus for both cancellous and cortical bone, they are re-
spectively 100 MPa and 12000 MPa [123]. This means that the polyurethane foam
could never be used to mimic a case in which cortical bone is preserved, as it was
intended by Suh et al. The materials used in their study come from Sawbones, whose
website provides a catalog of the different grades and corresponding mechanical proper-
ties. Grade 20 has 137.0 MPa for compressive modulus, which is far from reaching the
value for cortical bone. It would be correct to consider the two models as variations of
quality of bone according to bone mineral density, as it was done in the current study.
The findings of the current work confirm the need for the preliminary assessment of the
bone density for predicting the risk of subsidence and to investigate possible solutions.
Moreover, two main reasons lead this work to focus on the interaction of implants with
poor bone quality. The first was found in one of the results from the study of Suh
et al. [17]. When they compared subsidence over two foam densities with two SizNy
cages, one with an empty core and the other with the core filled with load-bearing
porous SizNy 8-3, it was found that subsidence significantly reduced in the cages with
the porous core, but only in the tests which used the lower density foam. This indicated
that implant preparation and selection could be crucial in patients with poorer bone
quality, whereas in the case of denser bone the influence of porous cores, morphology
and material are all less significant. The other reason relied on data available about the
characteristics of patients in the United States undergoing spinal fusion between 1998
and 2008. The mean age for cervical fusion patients was 53.3, for thoracic fusion 42.7
and lumbar fusion 56.3. Furthermore, in the indicated time span, there was an increase
of 239.2% of annual number of discharges for patients aged 65 and older, which could
not be explained with the increase of the aging population alone [124]. This data is
concerning and indicates the need to push for better solutions with attention to bone
mineral density since it was demonstrated that bone mineral density decreases with
aging, especially for young adulthood in women [18], with a greater decrease in the
cases of osteoporotic patients. The comparison of BMD values for the lumbar spine
is shown in Fig. 8-4 and revealed a mean of 0.963 g/cm? for healthy females against
0.777 g/cm? for females with osteoporosis. In healthy men, the diminution of BMD
with aging was minimal and became significant after age 85, according to the same
study. In Fig. 8-5 a comparison between men and female reduction is highlighted.
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Figure 8-4: BMD of lumbar spine in a group of 105 women. Data is part of the work of Rigg's
et al.[18]

As a consequence of all that was discussed, more studies should be done in order
to improve the current products for spinal fusion with the greatest attention to the
interaction with bone. Moreover, better surgical planning could be proposed based
on predictions following an evaluation for bone mineral density. An example is pro-
vided by Schreiber’s work [125], in which correlation was obtained between Hounsfield
unit (HU) and BMD, enabling identification of patients with diminished bone den-
sity. Polyurethane foam was used to execute biomechanical experiments, validating
the correlation between HU and compressive strength. This would help in predicting
the outcome of a surgery and if no suitable solutions are available for a poor bone
quality, the avoidance of the surgery could be considered, which would reduce the risk
of revision surgery and be more cost effective.

8-2 Thickness of the cage frame in solid titanium

While for the biomechanical study the lack of change in stiffness was assumed to be
caused by the presence of the constant outer frame with a high Young’s modulus, the
computational study was used to explore the influence of the thickness of the outer
frame on the stiffness of the implant and the implant-bone system. The three models
of the simplified cervical cages featured a frame of 1.5 mm, featuring 0% solid titanium
in the cage C0, 20% in C20 and 40% in C40. The percentages were chosen arbitrarily
taking into consideration the real implant design and realistic ratios in terms of manu-
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Figure 8-5: Trends of bone mass for female and with aging. Image retrieved from Anatomy &
Physiology by Young et al. [19]

facturability and strength of the cage. The results revealed almost no differences when
changing the solid-to-porous ratio in the selected cases when comparing the stiffness of
the implant-bone system. In the finite element models, the porous parts were modelled
through the material properties, meaning that the computational study assessed the
ratio without taking into account the reduced contact area caused by the presence of
the pores. The difference in Young’s modulus when changing the solid-to-porous ratio
was negligible. Many computational studies revealed the great influence of the cage
footprint, being a greater contact area advantageous to reduce subsidence. This con-
sideration could lead to the development of a more advanced finite element model that
assesses stiffness with the presence of pores at the contact surface.

8-3 Standalone cage and fixation systems

Due to the tilting of the device, the end of test was reached more quickly than it
would have by simulating with a fixation system, or with the surrounding anatomical
structure present in vivo. In the lumbar cages, the tilting in these tests occurred above
the physiological load, for the high-density foam at 9704+68 N, for the medium-density
foam at 770+74 N, and for the low-density at 480468 N. The standard deviation found
was most likely an effect of the variability given by the random pore location within the
foams. In fact, in the animations generated with the DIC system, the tilt would visibly
initiate with the sinking of one of the two sides in the pores. Therefore, it depended
on the specific pore configuration beneath the cage and on the cell pore size in which
it would gradually sink.

The cervical cage was designed to include a fixation system, which was not tested for the
current study since the purpose was to evaluate the effect of device porosity. In the case
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of the lumbar cage, the design did not include the openings for the screws, therefore
it was thought to be used as a standalone device. Although the subsidence test, as
clearly mentioned in the standard, was not meant to simulate the in-vivo performance,
the tilting behaviour could still be significant for considering reevaluation of the cage
design. Of course, in reality this device should host bone graft in the central space
and also around it, making it more stable, but based on the information about the way
the sinking happened in reported cases in the literature, it could be hypothesized that
the instability given by a narrow footprint could cause the tilting of cages, leading to
subsidence.

8-4 ASTM-F2267: considerations and recommendations

The offset displacements indicated by the standard varied according to the type of
implant and were reportedly 1 mm for the cervical implant and 2 mm for the lumbar
implant. For this study, the offset displacement for the lumbar cages was set to 1.5
mm to allow comparisons between the curves with different substrate density. In fact,
by using the 2 mm offset displacement, there was no intersection between the force-
displacement curve and the plotted line for the case with the lower density foam. The
standard was made for the employment of a grade 15 polyurethane foam, correspond-
ing to the medium-density substrate of this work. Consequently, it could be expected
that the offset displacement could not be suitable for all the grades tested. The offset
displacement had to be settled to allow an appropriate and scientifically relevant com-
parison between grades.

Furthermore, the current standard could be questionable for the lack of the assess-
ment of subsidence using dynamic compression tests. Two studies by Suh et al. [17]
and Chong et al. [107] added to their static experiments some tests done using cyclic
loading of the systems, using the same materials as the ones suggested for the static
compression. Although this seemed to be a reasonable solution to retrieve data for the
dynamic behaviour of subsidence, this method could be arguable for what is stated in
point 5.2 of ASTM-F1839 for the specification of polyurethane foams. The foam is not
intended to mimic the properties of human and animal bone, but solely to provide a
consistent and uniform material close to the properties of cancellous bone. This means
that the dynamic characterization and behaviour of the foam should be far from what
is found in the biological materials, thus making the results of such experiments useless
until proven biomechanically or better yet against in-vivo findings. Despite this, it
could be useful if the dynamic tests could be standardized in order to have a measure
of comparison among the implants, instead of collecting in the literature a range of
different tests with variable conditions, from which results become difficult to compare.
A very important feature missing from the standard is a layer that could simulate the
properties of the endplate. In the real surgical case, the endplate is prepared through
curettage, since it helps triggering the fusion. At the same time it should be preserved
as well as possible because it was demonstrated that the failure load increases with the
incremental removal of the endplate [36]. Of course, the standard states clearly that
the tests are not representative of the real performance of the implants but the layer,
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which has properties comparable to the cortical bone, has great impact and influence
from a mechanical point of view. Therefore an amendment to include a layer respect-
ing the intended surgical procedure with a much higher Young’s modulus between the
cage and the foam block should be considered. In this study, some considerations were
made to implement such a layer, but finally in order to have validated references in the
literature, it was decided to follow the standard.
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Chapter 9

Conclusion

Porous interbody fusion cages are being increasingly developed and employed, although
in the literature the information is still limited, while there is a complete lack of clinical
studies. More research should be done to improve this device, which has become more
popular due to the technological advancements, but also as a result of the increase of
the aging population. Many design parameters, as well as the physiological ones, are
still to be assessed.

In this study the design parameters assessed were the porosity of the implant and
the thickness of the frame in solid titanium, when combined with three different
polyurethane foam densities to mimic different bone conditions. The investigation
aimed to find optimal solutions to reduce the risk of subsidence in relation to its most
influencing factor, which is bone mineral density.

9-1 Biomechanical study

The metrics used for the biomechanical investigation were the stiffness values for im-
plants, foam and the combination of the two. The focus was set particularly on the
stiffness of the implant-foam system since subsidence was assessed as the crosshead
displacement at physiological loading. The core of the blocks during the testings of the
implant-bone systems did not undergo deformations within the limit of the physiolog-
ical load. Furthermore, within the same loading limit, the force-displacement curves
recorded for the systems remained in the linear region. Subsidence at physiological load-
ing was measured as the crosshead displacement, since there were no strains recorded in
the blocks. Therefore, the investigation focused on the combinations of implant porosi-
ties and foam densities that could achieve the least amount of crosshead displacement
as an indicator of subsidence reduction. It was hypothesized that a greater porosity
would decrease the stiffness of the system, as a consequence of stress reduction at the
interface. This study did not reveal changes in the stiffness of the implant nor of the
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implant-foam system when changing the porosity of the inner core of the implants, for
the two tested porosity values. On the other hand, the results were aligned with the
findings in the literature regarding the influence of bone mineral density on subsidence.
It was possible to quantify the change of stiffness for the polyurethane foam which
is commonly used for biomechanical tests, and leave a reference for its use in future
studies.

9-2 Computational study

This thesis work started exploring, through a finite element model, the variation of
another design parameter, which was the thickness of the solid frame, typically found in
porous implants to withstand the physiological loads. The frame thickness was thought
to carry the majority of the load, and the evaluation of a range of solid-to-porous ratios
of the implants could help explaining if the lack of stiffness variation could be attributed
to such behaviour. Three values for the solid-to-porous ratios were employed for the
computational study, which did not reveal changes in the stiffness of the implant-foam
system, as opposed to the changes observed when evaluating the stiffness of the cages
alone. Although greater differences were observed throughout the latter simulations,
the changes were still below the values of standard deviations reported for the performed
mechanical tests. Of course, the results of the mechanical tests could not be considered
significant for the simulation being that the model used was simplified, but the order
of magnitude of the results was used to make these considerations.

9-3 Implications for the in-vivo performance of the implants

Although the variations in these design parameters were not found to improve mechani-
cally the implant to avoid subsidence, the lack of changes in the mechanical performance
indicates the possibility to focus studies on biological osseointegration by designing
functionally graded lattices, for instance, without the risk of incurring in weaker cages
that would not withstand the compressive forces in the spine.
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Recommendations

10-1 Assessment of the implant location

Further investigation should be carried out to make subsidence evaluation based on
the different locations within the vertebral body. Oxland et al. [126] highlighted the
differences in stiffness and strength magnitudes within the endplate. More specifically
the posterior region was identified as stronger than the anterior one, while the overall
peripheral region was stronger than the central area of the endplate. These findings are
interesting to consider since they could help to exploit the bone regions accordingly and
reduce the risk of subsidence. For instance, since partial endplate removal is necessary
for fusion, it would be better to take parts from the centre instead of the strongest
peripheral region.

10-2 Assessement of bone mineral density

A preliminary assessment of the bone density would be a great way to predict the risk of
subsidence and to investigate possible solutions. An example is provided by Schreiber’s
work [125], in which correlations were obtained between Hounsfield units and BMD,
enabling identification of patients with diminished bone density. Polyurethane foam
was used to execute biomechanical experiments, revealing correlations between HU
and compressive strength.

Many clinical studies are available in the literature reporting statistics about subsi-
dence, but none of them collected data on the bone condition in patients. It would be
useful to analyze the correlation between subsidence and bone mineral density in real
cases and further advance in surgical solutions.
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10-3 Cell proliferation and growth

The next step for the research of porous spinal solutions should be the investigation
of the osseointegration possibility of the implants used for this thesis. It could be
interesting to make some biological evaluation with two lattices using the apparent
densities of this work, both separately and in combination for a functionally graded
lattice, as suggested by Van Bael et al [115]. Studies on osseointegration are generally
conducted with scaffolds of simple geometry, but it would be interesting to evaluate
cell proliferation and growth in the porous core of the implant.

More specifically, human femoral osteoblasts, human vertebral mesenchymal stem cells,
and mouse preosteoblasts cultures could be considered on the titanium implants and
compared in the proliferation and osteogenic differentiation of cells in the two porosity
cases.

10-4 Biomechanical study

The compression test used to evaluate cage subsidence is standardized in ASTM-F2267,
which does not take into account the fatigue life of the implant. It would be interesting
to further study the dynamic performance of the cage by developing a fatigues test
protocol under physiological loading. Furthermore, the standard does not take into
account the presence of the endplate at the interface with the implant, but uses the
polyurethane foam which mimics the contact with trabecular bone. A future investiga-
tion could include a material that can model cancellous bone at the interface between
implant and polyurethane foam. Before this step it would be necessary to investigate
and validate which material could be suitable to model the endplate.

10-5 Computational study

The finite element model built for the current study was simplified since it served as
an exploratory model. It would be interesting to assess the influence of the teeth of
the cage, that on the one hand could create great stress concentrations on the tips,
but on the other hand could increase the contact area at the interface. More refined
computational studies shall then include the implant teeth, together with plasticity
in the material modelling, since indentation would be expected. Furthermore, the
influence of tangential forces, as a consequence of the draft angle of the cage, shall be
included to understand the role of friction between the surfaces.
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