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ARTICLE INFO ABSTRACT

In 2014-2015, 61,421 total knee arthroplasties (TKAs) were performed in Canada; an increase of about 20%
over 2000-2001. Revision total knee arthroplasties (rTKAs) accounted for 6.8% of TKAs performed between
rTKAs 2014 and 2015, and this is estimated to grow another 12% by 2025. rTKAs are typically more complicated than
Augments primary TKAs due to the significant loss of femoral and tibial bone stock. The escalating demand and limitations
Bioactive glasses. associated with total knee arthroplasty and their revision drives the development of novel treatments. A variety
Bone graft substitutes . s 2. . :

of materials have been utilized to facilitate regeneration of healthy bone around the site of a knee arthroplasty.
The selection of these materials is based on the bone defect size and includes bone grafts, graft substitutes and
cements. However, all these materials have certain disadvantages such as blood loss, disease transmission (bone
grafts), inflammatory response, insufficient mechanical properties (bone graft substitutes) thermal necrosis and
stress shielding (bone cement). Recently, the use of metal augments for large bone defects has attracted at-
tention, however they can undergo fretting, corrosion, and stress shielding. All things considered, this review
indicates the necessity of developing augments that have structural integrities and biodegradation rates similar
to that of human bone. Therefore, the future of bone loss management may lie in fabricating novel bioactive
glass augments as they can promote bone healing and implant stability and can degrade with time.

Keywords:
Bone loss

1. Introduction

The number of revision total knee arthroplasties (rTKAs) is in-
creasing due to the prevalence of primary total knee arthroplasties
(TKAs) [1]. rTKAs are more complicated than TKAs since there is ad-
ditional bone loss that influences implant stability [2-4]. The bone loss
in r'TKA occurs because of osteolysis, periprosthetic fracture or damage
during primary implant removal [5].

There are a variety of materials that can be used to manage bone
loss and improve implant stability. These include bone grafts, cements
and metal augments. However, despite the introduction of these ma-
terials, management of large bone loss around the knee still represents a
challenge. Several review papers identify the advantages/disadvantages

associated with many of these materials [6-10]. However, each focuses
on a certain class of materials, inhibiting holistic comparison. This
paper serves as the first to review all available materials for addressing
bone loss in rTKA, highlights their advantages and disadvantages and
postulates future approaches to treating rTKA.

2. Bone loss (defect) in total knee arthroplasties

The common reasons for bone loss in rTKA include osteonecrosis
(reducing blood flow which causes bone cell death), previous fracture
of the tibial plateau or femoral condyles, cysts in bones, inflammation,
bacterial infection, stress shielding, and osteolysis from wear and
loosening of the implant resulting from the first surgery [11-13]. The
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treatment of bone loss depends on its severity.

2.1. Bone loss classifications in rTKAs

The classification systems for bone loss in rTKAs include: 1) Dorr; 2)
Rand; 3) Bargar and Gross; 4) Elia and Lotke; 5) Insall; 6) Slooff and de
Waal Malefijt; 7) Anderson Orthopedic Research Institute; 8)
Massachusetts General Hospital; 9) Clatworthy and Gross; 10) Huff and
Sculco; 11) University of Pennsylvania and 12) Mount Sinai Hospital
classification [14]. However, each of these has drawbacks, such as
undefined defect size and morphology (Dorr classification), inaccurate
preoperative assessment (Clatworthy and Gross classification) that can
make them difficult to use [15] [16,17]. One of the best quantitative
classification systems is that of the Anderson Orthopedic Research In-
stitute (AORI) [13], this gives both defect size and location and suggests
the most suitable treatment for each defect [18]. This classification is
based on the condition of the metaphyseal part of bone (Fig. 1). There
are three categories in this classification [19,20]:

Type 1: Intact metaphyseal bone, which does not have any effect on
the stability of the components (minor bone defect).

Type 2: Damaged metaphyseal bone, in which the use of cement
filling, augments or grafting is necessary (loss of cancellous bone).

Type 3: Deficient metaphyseal bone, in which the defects are asso-
ciated with collateral or patellar ligament detachment and require the
use of bone grafts or custom implants.

3. Current treatment options

There are different methods for dealing with bone loss including
grafts, cementation with or without screws and metal augments [10].
Factors considered in bone loss management are the patient's age, life
expectancy and bone quality (including microstructure, turnover and
composition) [22].
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3.1. Bone grafts

The use of grafting in joint arthroplasty is one of the most common
treatments for bone loss [23]. Every year, > 2.2M bone graft proce-
dures are performed worldwide to manage bone loss in orthopedics,
neurosurgery and dental implantation [23]. Grafts stimulate osteo-
conduction, and fill the void around implants [7,24].

The three main types of bone grafts are autografts, allografts and
synthetic grafts [25]. Autografts are considered the gold standard since
they have osteogenic, osteoconductive and osteoinductive character-
istics [9]. A graft is usually harvested from the patient's iliac crest, distal
femur, proximal tibia or medullary canal [26-29]. However, its use can
lead to chronic pain, infection, wound complications, blood loss and
other morbidity associated with surgical risks at the site of the tissue
harvest [30]. Furthermore, there are some limits as to how much bone
tissue can be harvested [9]. Allografts are made from bone harvested
from donors or cadavers. The advantage of using allografts over auto-
grafts is the elimination of the possibility of donor site morbidity, but
there are concerns including the risk of disease transmission from the
donor to recipient, immune rejection, cost, delayed graft incorporation
and reduced strength due to the use of gamma radiation for sterilizing
the grafts [31]; it has been reported that doses over 30 kGy can retard
graft strength through two mechanisms; directly, by breaking the
polypeptide chain (in the dry state), and indirectly, through radiolysis
of the molecules of water which can create free radicals that target the
collagen [32]. Although bone grafts represent a $2.5B annual world-
wide market [33], their limitations have necessitated the pursuit of
natural (biologically organic compounds) or synthetic (organic/in-
organic compounds) graft substitutes for the millions of bone graft
operations that are carried out worldwide each year [34].

3.2. Bone graft substitutes

Laurencin et al. classified bone graft substitutes into five groups

Fig. 1. F1, F2, and F3 are three types of femoral defect and T1, T2, and T3 are three types for tibial defect. F1 and T1 have an intact metaphyseal bone. F2 and T2
have a damaged metaphyseal bone. F3 and T3 have a deficient metaphyseal bone. Adapted from Pécora et al. [21].
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Table 1
Modified classification of bone graft substitutes [9,35].
Category Description Examples
Natural Allograft-based Allograft bone used alone or in combination with other materials Allogro® (AlloSource, Colorado, USA)
Xenograft-based [34]  Used alone or in combination with other materials (bovine bone, porcine  Hypro-Oss® (Bioimplon GmbH, Munich, Germany), Biocoral™
bone, and corals) (Biocoral Inc., Delaware, USA)
Factor-based Natural and recombinant growth factors used alone or in combination =~ BMP-2 (Medtronic plc, Dublin, Republic of Ireland), BMP-7
with other materials (Stryker Biotech LLC, MA, USA)
Synthetic ~ Ceramic-based Includes calcium sulfate, calcium phosphate, and bioactive glass alone =~ Novabone (Novabone, FL, USA)

or in combination
Polymer-based
combination with other materials
Composites
for the desired application

Both degradable and nondegradable polymers used alone and in

Combination of two or more different materials (e.g. polymer/ceramics)

Fisiograft®, (Ghimas s.r.l., Casalecchio di Reno BO, Italy)

Cerosium™ (Haeger Potteries Inc., Illinois, USA

based on material sources and origin (natural or synthetic): allograft-
based, cell-based, factor-based, polymer-based and ceramic-based [9].
This classification includes some materials in the developmental stage
[24]. The modified Laurencin et al. classification is shown in Table 1.

3.2.1. Natural bone graft substitutes

3.2.1.1. Allograft-based graft substitutes. The use of allografts has
increased since the 1980s. The increase in the number of joint
replacements, the demand for grafting and the limited availability of
autografts led to the opening of the first bone bank in New York in 1947
[36]. However, as stated (Section 3.1), the use of allografts has been
associated with an increased risk of immunological response (donor-
recipient antigen mismatches) [37,38]. Allografts can be customized
and they are available in different forms, including cortical allografts,
cancellous allografts, morselized allografts, structural allografts and
demineralized bone matrix (DBM) [39]. Cortical allografts are used
when load bearing resistance is required. They are free of bone marrow
and blood. Cancellous allografts have poor mechanical properties; as a
result, they are used as fillers. However during treatment, the
osteoinductive potential of the grafts may be compromised due to
missing viable cells, growth factors such as bone morphogenetic
proteins (BMPs) [40] and collagen and non-collagenous proteins [41].
DBM is a highly processed allograft, which 60% of its mineral content
has been removed during the demineralization process with acid [42].
Consequently, DBM has poor mechanical properties, and it is mainly
used for filling bone defects when load bearing resistance is not
required. However, the presence of BMPs, collagen and non-
collagenous  proteins  provide @ DBM  osteoinductive  and
osteoconductive  potentials [43]. Recently, DBM has been
incorporated into several products such as Allogro® (AlloSource,
Colorado, USA), which is a combination of DBM with calcium sulfate.
However, the risk of transmitting diseases and infections described in
Table 3, and resorption of the graft still limit the use of allograft - based
graft substitutes [44]. Some of the clinical findings of using allografts
for revision total knee arthroplasty are collated in Table 2.

3.2.1.2. Xenograft-based graft substitutes. Xenografts are materials taken
from a family, genus or species other than human [53]. The use of

bovine bone graft (Orthogen - Baumer) along with a tantalum wedge to
reconstruct the acetabular in total hip arthroplasty in 15 patients.
Authors reported comparable results to reconstructions performed
using impacted grafts [55]. Charalambides et al used Surgibone
(Unilab, Inc., NJ, USA), a mixture of bovine bone apatite and protein
with autograft to fill defects in the acetabulum and the proximal femur
in revision surgery in 27 patients. The authors showed 25% of the
patients needed re-revision because of graft rejection, MRSA deep
infection and loosening [56]. Thus, the grafts derived from bovine
bone still have the potential for transferring disease and causing a host
immune response [57]. In the 1970s, another source of xenograft,
derived from the exoskeleton of coral, was introduced [7]. Coral
exoskeleton consists of 98-99% calcium carbonate in the form of
aragonite (the high-pressure form of calcite), 0.5-1% of trace
elements such as Sr, Mg, and F and ~0.07% of amino acids [58,59].
It has been reported that coral bone grafts are biocompatible,
resorbable, osteoconductive and can be used clinically for spinal
fusion, fracture repair, replacement of harvested iliac bone and
craniofacial bone defects [7,60]. Corals are not osteoinductive or
osteogenic, but by addition of growth factors or bone marrow cells,
they can stimulate bone formation [60]. As shown in Table 4, coral's
mechanical properties are influenced by their growth direction; corals
that grow vertically (such as Porites) have better resistance to
mechanical strains than those grown horizontally (such as Acropora)
[61]. Biocoral™ (Biocoral Inc., Delaware, USA) is a commercially
available coral-based graft, and use of this biomaterial can lead to
complete bone regeneration within 6 months [59]. Nicolaides et al. used
a coral wedge for treatment of valgus deformity of the knee with an
open supracondylar osteotomy in 2 patients. The results showed partial
absorption and complete incorporation of the wedge with the bone
[62]. Although the results of using coral as bone graft substitutes in
different parts of the human body are promising [63,64], no clinical
studies related to the performance of this product in rTKA have been
reported to date.

3.2.1.3. Factor-based bone graft substitutes. Studies have shown that
materials such as bone morphogenetic proteins, BMP-7 (Stryker Biotech
LLC, MA, USA), and BMP-2 (Medtronic plc, Dublin, Republic of

bovine bone was introduced in 1957 [54]. Diesel et al. used lyophilized Ireland), which are members of the growth factors-f (TGFP)

Table 2

Clinical results of using allografts for the treatment of revision knee arthroplasty.

Number of knees/grafts United to the host bone Dislocation & loosening Fracture & nonunion Infection

Massive allograft Mnaymneh et al. [45] 14 grafts 12 2 2 1
Clatworthy et al. [46] 52 knees NA 5 2 4
Structural allografts Engh et al. [47] 46 knees NA? 0 0 2
Steens et al. [48] 34 knees NA 5 2 NA
Malhotra et al. [49] 1 knees 2 0 0 0
Lee et al. [50] 2 knees 4 0 0 0

2 Not available.
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Table 3

Materials Science & Engineering C 104 (2019) 109941

Risk of transmitting diseases and bacterial infections in allograft - based grafting (containing marrow).

HIV Hepatitis C

Bacterial infections

Risk of transmitting diseases, and infections 0.03% [44]

0.01% [44]

Massive allografts® 12% [51] Non-massive allografts 0.7% [52]

& Massive allografts are used for large bone defect treatments.

Table 4
Mechanical and physical properties of two coral genera compared to trabecular
and cortical bone [61].

Mechanical & physical ~ Porites Acropora Trabecular Cortical bone

properties bone

Porosity % 47-51% 20-30% 50-90% 5-30%

Compressive strength 20-31 78-142 1-12 150-200
(MPa)

Young's modulus (GPa) 7.62-8.36  21.3-27.9 0.050-0.4 17

Direction of growth Vertical ~ Horizontal Horizontal Horizontal

Table 5
Clinical results of using BMPs for the treatment of long bone defects.
Authors Follow-ups Number of Healing rate %
(months) patients
Jones et al. [75] 12 15 86.7
Swiontkowski et al. [76] 24 66 90.9
Zimmermann et al. [77] 49 26 92
Giannoudis et al. [78] Range 12-65 45 100
Desai et al. [79] 32 9 100
Convay et al. (BMP-7) 8 76 70
[80]
Convay et al. (BMP-2) 5 138 93
[80]

superfamily, induce bone formation in tibial non-unions at the same
rate as autografts, and they can also accelerate tibial fracture healing (it
is still a controversial subject [65]) [66,67]. BMP's effect on bone
formation has been demonstrated through numerous animal trials [68].
Gessink et al. used BMP-7 to fill the bone defect in a human fibula for
the first time [69]. The authors showed the efficacy of BMPs in critical
bone defect healing in humans [69]. In 2001, Friedlaender et al
demonstrated that BMPs are clinically safe osteogenic materials for
the treatment of tibial non unions and the results are comparable to
those achieved using autografts [66]. In a 2004 two-year follow-up
study, Jager et al. showed using BMP2 in revision total hip surgery
(rTHA) promoted bone formation in critical sized bone defects [70].
The US Food and Drug Administration (FDA) approved the use of BMP-
2 as a bone graft substitute for tibial fractures in 2004 [71]. These
materials induce a sequential cascade of events for chondro-
osteogenesis including chemotaxis, proliferation of MSCs and
osteoprogenitor cells and differentiation into a chondrogenic or
osteogenic lineage [72,73]. Furthermore, their use reduces operating
time and surgical blood loss in comparison with autologous bone grafts
[74]. Clinical studies using BMPs for the treatment of long bone defects
are summarized in Table 5.

Although BMP use is becoming more common in the treatment of
bone fractures, it has only been reported in one revision arthroplasty
study [66,76,81] [70]. Using high dosages (mmg level) of these materials
in order to obtain the desired osteoinductive effect (natural endogenous
production is at the ng level) [71] can lead to inflammation, induction
of adipogenesis and osteoclast activation [82]. The reason for the ad-
verse effects of BMPs is believed to be correlated with their pleiotropic
(multiple phenotypic expression) effects, including activation of

peroxisome proliferation-activated receptor gamma (PPARy) signaling
which leads to adipocyte (fat cell) formation [83], inflammatory cyto-
kines and chemokines, and tumor necrosis factor (TNF)-a [84]. As a
result, more studies are needed in order to reduce their side effects. The
limitations of natural bone grafts have necessitated the pursuit of al-
ternative synthetic bone grafts, including natural and synthetic poly-
mers, ceramics, composites and metals [9].

3.2.2. Synthetic bone graft substitutes

3.2.2.1. The evolution of synthetic grafts. The evolution of synthetic
grafts is divided into three generations [85]. The first generation
included metals such as stainless steel and titanium, ceramics, and
polymers including silicone and poly(methylmethacrylate) (PMMA)
[86]. The problem with these materials is the formation of fibrous
tissue (densely-packed collagen fibers with few cells) as a protective
mechanism that eventually surrounds the grafts and leads to aseptic
loosening [87]. In the second generation, in order to avoid fibrous
tissue formation, bioactive and biodegradable materials were used.
These materials are able to interact with the biological environment
and exchange ions with body fluid. The materials are designed so that
their rate of degradation matches the regeneration rate of new tissue
[7]. The third generation of synthetic grafts attempted to make three-
dimensional scaffolds that can serve as osteoconductive matrices,
incorporating bone progenitor cells and growth factors, in order to
enhance bone formation [7,88]. The goal of a synthetic graft is to bring
together functional constructs that restore, maintain, or improve
damaged tissues [89]. The success of bone graft materials depends on
their biological activity and the incorporation of the constructs with
surrounding tissues as well as their mechanical properties, for
supporting loads and resisting stresses [90].

3.2.2.2. Ceramic-based bone graft substitutes. Ceramic-based bone graft
substitutes have been used in dentistry and orthopedics since the 1970s
and 1980s, respectively [91]. Bioceramics are classified into three
groups according to the response of tissue to them: nearly bio-inert (e.g.
alumina and zirconia), bioresorbable (e.g. tricalcium phosphate), and
bioactive (e.g. bioactive glasses, bioactive glass-ceramics) [92].

Bioceramics can be single crystals (sapphire), polycrystalline (alu-
mina or hydroxyapatite), amorphous (Bioglass®) or partly amorphous
(glass/ceramics) [87]. Bioceramics vary in their biocompatibility, os-
teoconductivity, osteoinductivity and compressive strength according
to their composition [93]. However, they have relatively low tensile
and fracture strengths and poor resistance to shear stresses and fatigue
[94,95].

3.2.2.2.1. Calcium sulfate. Calcium sulfate (Plaster of Paris) is a
ceramic bone graft substitute that was first used in orthopedics in the
10th century [96]. Calcium sulfate has been used as a filler for bone loss
since the late 1800s [97]. In 1892, its suspension in 5% phenol was used
to treat tuberculous osteomyelitis [89]. Calcium sulfate is
osteoconductive and biodegradable; in a multicenter trial, calcium
sulfate was used alone and/or with other materials, such as bone
marrow, demineralized bone matrix or autograft, for the treatment of
patients with bone defects. The clinical results showed that 99% of the
calcium sulfate had resorbed in all the patients, and 88% of the defect
from each patient was filled [98]. Kallala et al. used Stimulan bio —
absorbable calcium sulfate beads on 755 patients who underwent
revision arthroplasty (456 rTKAs and 299 rTHAs) with a follow-up of
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Table 6
Overview of the outcomes of calcium sulfate in contact with hard tissues.

Materials Science & Engineering C 104 (2019) 109941

Type of calcium sulfate Resorption %

Bone formation % Complication %

Osteoset pellets [98] 99
Calcium sulfate powder [105] 86.7
Plaster of Paris pellets [106] NA?

88 3.6
86.7 53.3
NA 15.4

2 Not available.

78 months. They indicated the safety and effectiveness of calcium
sulfate as a bone graft substitute [99].

Walsh et al. hypothesized that calcium sulfate can promote bone
remodeling due to the demineralization of adjacent bone caused by the
reduction in pH of the local environment (bone resorption). This de-
mineralization leads to the release of BMPs which are osteoinductive
agents for bone healing (bone formation) [100]. Furthermore, it has
been shown that the compressive strength of calcium sulfate in its set
form (~23MPa) is greater than cancellous bone [89]. In addition,
calcium sulfate is cost effective (Osteoset resorbable mini bead kit is
about $329.95) and available as pellets (Osteoset, Wright Medical,
Amstelveen, The Netherlands) and an injectable iteration (MIIG, Wright
Medical, Amsterdam, The Netherlands) [101]. Since calcium sulfate
induces ingrowth of blood vessels, it must be used next to viable peri-
osteum or endosteum [102]. However, calcium sulfate needs a dry
environment within which to set. Furthermore, studies have shown that
with calcium sulfate grafts, the rate of resorption (4 to 12 weeks) is
more rapid than bone formation (6 to 12 weeks) [101,103], leading to
debate about whether calcium sulfate can provide long-term three di-
mensional structural support [104]. Some of the clinical outcomes of
using calcium sulfate as bone graft substitutes are shown in Table 6.

3.2.2.2.2. Calcium phosphate. The first successful application of
calcium phosphate ceramic for bone defect repair in humans was in
1920 [107], and in 1971, it was indicated for dental applications [108].
Calcium phosphates are available in a variety of compositions,
including hydroxyapatite (HA, Ca;o(PO4)s(OH)5), tricalcium
phosphate (TCP, Caz(PO4).) and biphasic calcium phosphates (BCP,
consisting of an intimate mixture of HA and (3-TCP of varying HA/[3-
TCP ratios). Calcium phosphates have been employed in the repair of
skeletal defects because they are biocompatible [109], osteoconductive
[110] and biodegradable [111]. Furthermore, calcium phosphates can
serve as carriers of BMPs, bioactive peptides, or MSCs [112] that induce
bone regeneration. However, different calcium phosphates have
different strengths and degradation rates. For instance, the fracture
toughness and tensile strength of HA and {3 - TCP are 0.4-0.7 MPa.m"/2,
1.3MPa.m'/? and 18MPa, 12.5-20MPa, respectively; lower than
natural bone (2-12MPa.m'’? and 7-30MPa) [113,114]
[33,115-117]. As a result, in order to use calcium phosphates in large
bone defects and in load bearing applications, their mechanical
properties, including fracture toughness and tensile strength require
improvement [118]. Some of the clinical outcomes of using calcium
phosphates as bone graft substitutes are shown in Table 7.

3.2.2.2.3. Bioactive glasses. These are a group of materials
composed of acidic oxides (e.g. phosphorus pentoxide, silicon dioxide,
borate oxide and aluminum oxide) and basic oxides (e.g. calcium oxide,
magnesium oxide, zinc oxide). This group is termed bioactive because
the materials can develop an active HA layer (similar to the mineral
phase of bone) on their surface which can bond with bone and soft
tissues [123]. The first bioactive glass was invented by Hench et al. in
1969 [124,125]. This silicate glass has a composition of 46.1 mol%
Si0,, 24.4 mol% Na,0, 26.9 mol% CaO and 2.6 mol% P,0s, and was
later named 45S5 Bioglass® [126]. Bioactive glasses initiate biological
responses by releasing ions into the surrounding area [127]. One
feature of bioactive glasses is their compositional flexibility and, as a
result, there are several types of bioactive glass [128]. This review will
focus on three bioactive glass types: silicate-, phosphate- and borate-
based glass,

3.2.2.2.4. Phosphate bioactive glass. Phosphate glasses have been
studied for 150 years [129]. However, their applications have been
limited, until it was determined that the addition of 30 mol% of metal
oxides such as TiO,, CuO, NiO, MnO, and Fe,05 reduced their solubility
[130]. Metal oxides can increase cross-linking within the glass
structure, decreasing dissolution rate [131]. Consequently, metals
that have antibacterial properties can be incorporated into the glass
and released as the glass dissolves [132]. Phosphate bioactive glasses
are based on phosphorus pentoxide (P,0s), a glass network former, and
calcium oxide (CaO) and sodium oxide (Na,O), network modifiers
[133,134]. The affinity of P-O-P bonds towards hydration, and the
asymmetric nature of the phosphate PO, tetrahedron reduce phosphate
glass durability [135,136] [132]. Phosphate-based bioactive glasses can
be used in both soft and hard tissue engineering. In bone, phosphate
glasses are used in combination with polymers. Vitale-Brovarone et al.
prepared GC-ICEL2 (phosphate-based glass of the composition 3 mol%
SiO,, 25 mol% Na,0, 26 mol% CaO, 45 mol% P,0s, 7 mol% MgO, and
4 mol% K,0) scaffold from the combination of bioresorbable phosphate
glass (I-CEL2), and polyethylene particles to obtain a scaffold with
interconnected pores and high porosity [137]. Trabecular scaffolds
made from phosphate glass using hydrogen peroxide (H,0,) for
foaming have also been fabricated [138]. Changing thermal
conditions and H,0O, concentrations in these scaffolds can affect both
pore sizes and porosity [138].

3.2.2.2.5. Silicate bioactive glass. Bioactive glasses are traditionally
based on a silicate backbone [139]. The key features that are
responsible for the bioactivity of silicate bioactive glasses are the

Table 7
Clinical applications and effects of different types of calcium phosphates in contact with hard tissues.
Names Years Effects Applications
Interporous HA [119] 1989  Safe, and osteoconductive, but demonstrated slow Tibial plateau fractures
biodegradation
HA coatings [120] 2001  Promoting faster and stronger fixation and stimulating bone  Femoral stems, dental and knee implants
growth
Tricalcium phosphate [121] 1989  Promoting osteoconducting ability, reduced operating time  Fractures in different parts of the human skeletal system (femur,

BCP (Triosite™ and Bicera™”) [122] 2017  Stimulating bone formation

tibia, humerus, etc.,)
Rabbit femoral condyle defects

2 Zimmer, USA.
> Wiltrom Ltd., Taiwan.
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Table 8
Compositions of 4555, 13-93, 6P53P (BonAlive®) glasses, 45S5.4F, 5254.6, and
42SF [144].

Composition (Wt%) 4585 13-93 6P53B 4585.4F 5254.6 42SF
Na,O 24.5 6.0 10.3 24.4 21.5 26.3
K,0 0 12.0 2.8 0 0 0
MgO 0 5.0 10.2 0 0 0
CaO 24.5 20.0 18.0 10.8 23.8 17.4
SiO, 45.0 53 52.7 46.1 52.1 421
P05 6.0 4.0 6.0 2.6 2.6 2.6
CaF, 0 0 0 10.8 0 11.60

lower percentage of SiO, (< 60 mol%) [140], the higher percentage of
Na,O and CaO (glass network modifiers) and the higher CaO/P,Os ratio
compared to normal silicate glasses [141]. Different series of
silicate-based bioactive glasses with different compositions have been
synthesized by using traditional melting methods and sol gel techniques
[142,143]. As shown in Table 8, the base components of most silicate
bioactive glasses are similar to those in 45S5 (Bioglass®), but some of
them, such as 13-93 glass, have additional modifiers, K,O and MgO
[144].

Silicate bioactive glasses are osteoconductive, and they facilitate HA
formation and bond directly to pre-existing bone and soft tissues
[118,145,146]. Despite the extensive studies using silicate bioactive
glasses, their osteoinductive potential still under debate [147]
[87,148]. However, their low compressive strength and high Young's
modulus restrict their applicability for load bearing (Table 9)
[149,150].

Different methods have been evaluated to improve the mechanical
properties of silicate-based bioactive glass scaffolds. Wu et al. used rice
husks for foaming 45S5 Bioglass and sintered the resultant material at
1050 °C. They achieved promising results from mechanical and de-
gradability tests in simulated body fluid (SBF) [152]. Compressive
strengths were in the range of those of trabecular bone [152]. In other
studies, sucrose was used as a macropore former to fabricate nano-
macroporous soda lime phosphosilicate glass scaffolds and the results
indicated an improvement in bone regeneration [153]. Other studies
indicated that nano-sized bioactive glass (nBG) in a dense collagen-nBG
hybrid gel (DC-nBG) increased the osteoconductivity and the stiffness of
the scaffolds when compared to micro-sized bioactive glass (UBG)
scaffolds, by increasing the surface area to volume ratio and calcium
phosphate formation rate [154,155].

Amorphous bioactive glasses can be crystalized at high temperature
leading to changes in their strength, biodegradability and bioactivity
[155]. At a higher temperature, the nucleation rate will be lower and
crystal growth rate will be higher, resulting in the formation of a small
number of larger crystals, and thus larger pore sizes [156]. As a result,
Chang et al used an advanced heat treatment to develop a novel
bioactive glass BG20 (34 wt% SiO,, 5 wt% MgO, 45 wt% CaO, 16 wt%
P,Os) with different crystal structures. By altering the temperature
(800-950 °C) [157], they showed that BG20 had the potential to de-
velop endochondral ossification in addition to the capacity for osteo-
genesis. However, additional tests are still needed to explain the reg-
ulation mechanism of BG20 on the differentiation of bone marrow

Table 9
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stromal cells (BMSCs) [157].

Beall et al. showed chain silicates based on potassium fluoror-
ichterite (KNaCaMgsSigO2,F5) compositions have bone forming poten-
tial along with flexural strengths (> 200 MPa) and fracture toughnesses
(> 3MPam'/?) which are 5 and 27 times, respectively, higher than
those of 45S5 bioactive glass [158-160]. Bhakta et al. modified po-
tassium fluororichterite compositions by substituting CaO for MgO and
adding P,Os. The new compositions were not only osteoconductive, but
also had higher fracture toughness and biaxial flexural strength
[161,162]. However, their potential for bioactivity is still under in-
vestigation [161]. Some of the clinical outcomes after using silicate
bioactive glasses have been shown in Table 10.

3.2.2.2.6. Borate bioactive glass. Due to the limitations of silicate-
based bioactive glasses such as their slow and incomplete conversion to
HA in body fluid [166], Brink et al. proposed the use of boro-silicate
glasses in which variable amounts of borate oxide were added to the
silicate-backbone [166-168]. The studies demonstrated that the
conversion rate of the boro-silicate glasses to HA increased markedly
with the increase of borate oxide content [169].

Borate glasses have lower chemical durability than silicate glasses,
therefore they can convert more completely and more quickly to an HA-
like material [166,170]. The conversion process of borate glass to HA is
similar to 45S5 glass, with the formation of borate-rich layers similar to
SiO, rich layers [169,171]. Borate bioactive glasses induce cell pro-
liferation, differentiation and tissue infiltration [169,172,173]. Fu et al.
showed that borate bioactive glasses promote bone formation faster
than 4585, thus reducing rehabilitation time [174]. Huang et al. showed
that the degradation rate of the silicate bioactive glasses can be con-
trolled by replacing the SiO, partially or fully with B,O3 [166,175]. The
simplicity of fabrication and control of degradation rate of borate-based
glasses make them promising for bone formation. Furthermore, their
compositional flexibility makes them a source of essential elements (eg.
Zn, Cu, and Sr) for bone growth and bacterial inhibition [141]. The first
borate glass scaffold was derived in 2005 [172,176] and the con-
centration of boron (< ~126 mg/kg/day) released from it into the
bloodstream had no harmful effects on human health [141,169,177].
Some of the clinical findings of using borate bioactive glasses have been
shown in Table 11.

3.2.2.3. Synthetic composite grafting. The purpose of using synthetic
composite grafts is to unite the materials in more controlled and
effective combinations than are found naturally in autografts [23].
Most composites [184] are composed of a hard dispersed phase, to
prevent the movement of the matrix, and a matrix phase that functions
as a stress transfer medium [185,186]. Composition of S53P4 + PMMA
is a synthetic composite graft, using for human craniofacial bone
reconstruction [187]. Cerosium™ (Haeger Potteries Inc., Illinois,
USA), used in mandibular prostheses, is another example of a
composite made of a polymer (low elastic modulus) matrix and a
bioceramic (high biocompatibility) dispersed phase [188,189].
However, the bond between the polymer and polymer-ceramic bond
degrades which can result in failure [190].

3.2.2.4. Polymer-based bone grafting. The use of biodegradable
polymers in orthopedic surgery started in the 1980s [191]. Polymers

Physical and mechanical properties of bone and silicate bioactive glasses [149-151].

Porosity % Compressive strength (MPa) Young's modulus (GPa)

Material Density (gr/cm®)
Cortical bone 1.6-2.1
Cancellous bone 1.0

4585 Bioglass® 2.7

Porous 45S5 Bioglass® NA

Porous bioactive glass 70S30S ~0.58

5-10 130-180 7-30
50-90 4-12 0.05-0.5
NA?* ~500 35
89-92 0.27-0.42 NA

82 2.25 NA

2 Not available.
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Table 10
Overview of the clinical findings after using silicate bioactive glasses.
Type of glass Year  Applications Achievements
Solid, cast Bioglass® [163] 1986 Middle ear bone reconstruction Bond firmly to soft and hard tissues
NovaBone [87] 1993  Maxillofacial reconstruction Elimination of cost, time, pain compared to bone autografts
PerioGlas® (Henry Schein, NY, USA) [164] 1998  Jaw bone defects Induction of bone formation, no harmful reactions
S53P4 BoneAlive® [165] 2000  Orbital floor fractures Osteoinductive, low degradation rate with sufficient
mechanical support
Cones of Bioglass® [125] 2006  Providing a stable ridge for denture construction after Bond to bone

tooth extraction

are divided into two groups; natural and synthetic [192]. The most
common polymers used as bone graft substitutes are shown in Table 12.

Most of the biodegradable synthetic polymers used for fabricating
scaffolds are saturated poly-a-hydroxy esters [199] [200]. These
polymers, including poly-L-lactic acid, polyglycolic acid are degraded
first through hydrolysis (de-esterification) and then the monomeric
components are removed through enzymatic and cellular pathways
[200]. Therefore, the degradation of polymers can be modified through
copolymerization and changes in hydrophobicity and crystalline
structure [201]. Unfortunately, the crystals that develop from degrad-
able polymers can lead to inflammation and osteolysis [192]. However,
the possible risks of toxicity, immunogenicity and infections are lower
for pure synthetic polymers with monomeric units [200]. Furthermore,
the elastic moduli of some polymers such as polyurethanes are lower
than natural bone; therefore, they are too flexible for load bearing so-
lutions [202].

3.3. Bone cements

In the 1970's, the FDA approved the application of bone cements for
hip and knee prosthetic fixation [203]. The term bone cement is com-
monly used for PMMA. However, there are other commercial bone
cements such as calcium phosphate cements (CPCs) and glass polyalk-
enoate (ionomer) cements (GPCs), which are used in a variety of or-
thopedic and dental applications [203]. PMMA can be used for tibial
defects of < 5mm [15] alone (the full cementation technique) or
combined with the other materials (the hybrid fixation technique). Full
cementation has advantages over bone grafting, including quick fixa-
tion and adaptability to bone defect geometry [35]. Furthermore,
PMMA has the potential for drug delivery [204]. However, it has some
disadvantages including the risk of thermal necrosis due to its exo-
thermic polymerization which causes denaturation of collagen [205],
the potential for fat embolism during the pressurization of the cement
in the femoral canal (injectable cement) [206,207], and the reduction
of stress on the cancellous bone under the tibial base plate of a TKA
which can cause bone resorption and eventual loosening of the tibial
component [208]. Furthermore, in the case of further revision, the ce-
mented component can be difficult to remove without fracturing the
bone or bone loss [209,210].

The use of bone cement with screws was first introduced in 1982.
Cement with screws can be used for small bone defects (AORI type-1,

5-10mm). The screws can be titanium or 316L stainless steel
[211,212]. Cements with screw fixation exhibit less displacement of the
prosthesis than cement alone, and the rate of rTKA failure with screws
is less than without screws [213]. Moreover, the use of PMMA with
screws can decrease the duration of the surgery by reducing the number
of necessary cuts to the tibial plateau and femoral condyle [15,214].
However, there is still the risk of thermal necrosis and the appearance
of radiolucent lines [15]. Also, screw augmented cementation cannot be
used for poor quality cancellous bone [215], although it is more cost
effective ($100-137 per screw) than augmenting with metal wedges
($910 - $2240 per wedge) [214]. Some of the clinical findings of ce-
ment for rTKAs were shown in Table 13.

3.4. Metallic scaffolds

Greenfield received the first patent for a metallic framework-based
artificial tooth root in 1909 [217]. Greenfield used a hollow basket
made of iridoplatinum wire soldered with 24 karat gold for implanta-
tion [218]. The metallic basket did not remain in implant dentistry
because of bone resorption caused by excessive stress and lack of bio-
compatibility [218]. In 1974, Rostoker et al., fabricated interconnected
pore fiber metals for coating hip and knee replacement prosthetics. The
coating can provide a porous surface for cell invasion and load dis-
tribution [219]. However, there are some problems with the use of
porous metal coatings, including corrosion, and some difficulties in
removing the replacement prosthetics in the case of revision or re-re-
vision arthroplasties. Compared to other grafts, metallic materials offer
a wider range of mechanical properties such as hardness, ductility,
fracture toughness, and formability [220].

The most common metallic materials in orthopedic applications
were stainless steel and cobalt-chrome-based alloys [86]. Stainless steel
is biocompatible, resistant to corrosion, and cost effective. Orthopedic
surgical stainless steel is 316 L (16-18 wt% Cr, 10-14 wt% Ni, 2-3 wt%
Mo, 0.03% C, 2wt% Mn, 0.75 wt% Si, 0.045wt% P, 0.03wt% S, and
0.1 wt% N) [221]. However, its use in orthopedics is not ideal because it
has a low resistance to wear and a high Young's modulus of 193 GPa,
which induces stress shielding [222].

In 1966, Co-Cr-Mo alloys were introduced in prosthetics [223]
because of their high corrosion and wear resistance [224]. However,
similar to stainless steel, they can result in stress shielding because of
their high Young's modulus (230 GPa) compared to bone (3-21 GPa).

Table 11
Summary of the clinical findings after using borate bioactive glasses.
Type of glasses Year  Applications Achievements
4585. 2B glass particles [178] 2005 Implantation in the contralateral Showed an increase in bone formation and glass dissolution rate

tibia of rats

Vancomycin-loaded borate glass pellets [179] 2010 Tibia of rabbits
13-93B3 fibrous scaffolds [180] 2013  Rat calvarial defects
Copper-doped borate glass fibers [181] 2013  Rat calvarial defects

Borosilicate glass scaffolds loaded with Fe; O4 magnetic 2015
nanoparticles [182]
Lanthanum-doped borate glass particles [183] 2017

Rat calvarial defects

Rabbit bilateral femoral defects

compared to 45S5 glass

No inflammatory response, induction of bone formation and blood
vessel growth, good drug delivery

Stimulation of bone formation and glass degradation rate
Stimulation of osteoinduction and osteoconduction

Increasing bone regeneration rate

Enhancing bone formation
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Table 12
Types of polymer-based graft substitutes.
Category Applications Results
Natural polymers Collagen membrane [193]  Treating periodontal intrabony No adverse tissue reaction, promotion of bone formation
defects
Chitosan gel [194] Periodontal intraosseous defects Stimulation of bone formation
Silk-based devices [195] Fracture fixation of rat Limbs Biocompatible, low degradation rate, good mechanical properties, less inflammatory

Alginate membrane [196] Wister rat bone defects
Hyaluronic acid [197] Bone repair in human dental sockets
Synthetic polymers  Poly-L- lactic acid [198] Dog distal femur defects

response
Biocompatible, Osteoinductive, degradable
Biocompatible, non-immunogenic, osteoinductive
Biodegradable, immunogenic

Table 13

Overview of the clinical findings after using cement for rTKAs.
Bone cement Number of knees Infection Aseptic loosening Periprosthetic fracture Failed at rate% Follow-ups
Primary prosthesis and cement without screw [214] 182 NA® NA NA 3.3 15 years
Primary prosthesis and cement with screw [214] 179 NA NA NA 5.0 15 years
Full cementation [204] 18 1 0 0 5.6 4 years
Cementing technique [216] 206 6 0 1 3.4 2years

2 Not available

The lack of mechanical stimuli of adjacent bone can cause bone re-
sorption and loosening of the implant [225]. Furthermore, the Ni, Cr
and Co released from the stainless steel and Co—Cr-Mo alloys due to in
vivo corrosion are potentially toxic [226].

Titanium (Ti) and its alloys exhibit reduced toxicity and a lower
Young's modulus (110 GPa) compared to both stainless steel and
Co-Cr-Mo alloys [227]. However, the processing of Ti and its alloys is
difficult because of their high reactivity at high temperatures [228].

Magnesium alloys have also been used as substitutes [229,230] as
they promote bone formation and are biodegradable [229]. Degrading
porous magnesium alloy AZ91D (9 wt% Al, 1wt% Zn, 0.15-0.5 wt%
Mn, Mg balance) promotes osteoblast activity and reduces the number
of osteoclasts [230]. The mechanical properties of commonly used
metallic biomaterials are compared to cortical bone in Table 14.

Whilst the limited porosity of conventional porous metals such as
titanium and cobalt-chrome sintered beads affect their potential for
tissue ingrowth and implant stability, porous tantalum (porosity
75-80%, pore size 400-600 um) are used for orthopedic surgery [232].
Clinical trials employing porous tantalum (Ta) indicate its biocompat-
ibility and low Young's modulus (Table 14) [10,232,235]. Furthermore,
Ta has biological advantages, including negative charge and inter-
connectivity of the pores, facilitating the formation of scaffolds with
osteoconductive potential. However, its high cost is still a concern
[236-239].

3.5. Megaprostheses (custom made prostheses)

The term megaprostheses was first introduced in an international
work shop on the design and application of tumor prostheses in 1981
[240]. Megaprostheses offer suitable mechanical properties, immediate
fixation and early weight bearing for managing complex bone loss in

Table 14
Mechanical properties of metallic biomaterials compared to human cortical
bone [231-234].

Material Elastic Modulus ~ Tensile Strength ~ Compressive Strength
(GPa) (MPa) (MPa)

Cortical bone 3-20 107 130-180

Stainless steel 180-210 700 170-1000

Co-Cr-Mo alloys 230 500 450-1000

Titanium alloys 55-110 950 110-117

Magnesium alloys ~ 41-45 135-285 65-100

Porous Tantalum 2.5-3.9 63 60-78

osteosarcoma around knee and rTKAs. However, manufacturing of
megaprostheses is expensive and time consuming [241]. Furthermore,
there are always risks of mechanical complications and infections.
Thus, the overall survival rate of megaprostheses is low [242] [243].
Some of the clinical findings of using megaprostheses are shown in
Table 15.

3.6. Metal augments

Metal augments are structures that can fill severe cavity defects, and
thus eliminate the requirement for extensive bone grafting [248]. They
can be attached to the underside of tibial implants for segmental defects
up to 20 mm in depth [249]. The use of metal augments to treat bone
loss has become more popular since it was shown that biomechanically
modular augments were suitable for both femoral and tibial defects,
especially when metaphyseal bone cannot support the implants (AORI
type-2 or -3 defects) or provide enough surface for fixation through
PMMA application [10,236,250]. Metal augments can be custom-fab-
ricated using parameters measured on computed tomography (CT),
which allows the surgeon performing rTKA to restore the anatomic joint
line, correct limb alignment and shorten operative times [251]. More-
over, augments do not need to be incorporated into host bone, so there
is no risk of disease transmission, nonunion, shrinkage and collapse
[252,253]. Finally, metal augments can facilitate immediate mobiliza-
tion and load bearing [248].

Metal augments can be made from both tantalum (Ta) and titanium
(Ti) because they are biocompatible and osteoconductive [254,255].
Furthermore, they have thrombogenic potential, promoting blood clots
which can aid in bone healing [256]. Metal augments are available in
different shapes, including wedges (full and hemi), blocks (rectan-
gular), cones and sleeves (Fig. 2), and they can be attached with ce-
ment, screws or a Morse-taper junction [13].

3.6.1. Block and wedge shaped augments

Block and wedge shaped augments can be used for tibial and fe-
moral bone defects up to 10 mm in height. They are used for tibial
augmentation to address entire, or localized, bone deficiency of the
plateau. Preference between the wedges and blocks depends on the
position and shape of the defect; with femoral bone deficiency, block
shaped augments with variable thickness are preferred [259]. Studies
have also shown that block augments have a lower rate of implant
loosening, and that they are more stable than wedges, due to the lower
induced shear forces [260]. Furthermore, when a constrained insert is
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Table 15
Summary of the clinical findings after using megaprostheses in rTKAs.
Number of cases (knees)  Infection Fracture Aseptic Others Follow-ups
loosening (months)
Springer et al. [244] 22 revisions, 4 primary 5 1 fracture of the axis 0 1 delayed wound healing Average follow-up
procedures 1 fracture of patella 58.5
Back et al. [245] 32 3 0 1 6% patellofemoral 54-132
complications

Berend et al. [246] 39 3 1 periprosthetic fracture 0 1 hyperextension 24-109
Holl et al. [243] 21 5 periprosthetic infection 9 2 5 nonunions 10-18
Vertesich et al. [247] 30 8 NA? 4 3 soft tissue complications 120

1 structural failure

2 Not available.

(@)

Fig. 2. (a) Zimmer® Trabecular Metal™ cone augments; (b, ¢) reconstruction of bone loss using porous tantalum augment [257]. Figures b and ¢ were used with

permission from Meijer et al. [258].

Table 16
Overview of the clinical findings after using porous tantalum cones for rTKAs.
Numbers Follow-ups (months) Loosening Periprosthetic fracture Infection Osseointegration
Meneghini et al. [238] 15 tibial cones 34 (24-47) 0 0 0 Yes
Long et al. [239] 16 tibial cones 31 (24-38) 0 0 2 Yes
Kamath et al. [264] 66 tibial cones 70 (60-106) 1 1 1 no
Potter et al. [266] 157 femoral cones 60 (24-120) 6 aseptic loosening 0 14 Yes
1 ligamentous loosening
Burastero et al. [267] 97 femoral and/or tibial cones 60 0 0 2 Yes

Fig. 3. (a) prepared bone for metaphyseal sleeve insertion. Figure (a) used with the permission from Bugler et al. [272] (b) metaphyseal sleeve optimizes load transfer
and improves bone regrowth (Wolff's law). The arrows show load directions. Adapted from Agarwal et al. [271].

necessary, blocks are preferred as they can transmit torsional loads
because of geometric interlock. However, using blocks necessitates the
removal of some intact tissues [252].

3.6.2. Porous tantalum metaphyseal cones

Metaphyseal cones have been used for rTKA for a decade [259]. Ta
cones have low stiffness with 75-80% porosity and a high coefficient of
friction which provides good primary implant stability [251]. More-
over, they are bioactive [254], promoting human osteoblast-like cells
[261], corrosion resistant [262] and their modulus of elasticity is si-
milar to human bone [237,252]. Ta surfaces have also been reported to

reduce bacterial adhesion [263]. The high porosity of Ta allows the
restoration of bone stock by promoting osseointegration [259]. Ta
cones are available in different sizes and they can have symmetrical or
stepped shapes [250]. Cones connect to implants either by cementation
or a press-fit [264], and the voids between the cones and the host tis-
sues are filled with autograft, allograft or graft substitute [18]. How-
ever, cones have disadvantages including:

1) the cemented interface between cone and the implant is a
common failure site, and can inhibit bone ingrowth across the augment
[265];

2) intra-operative fracture can occur if the augment does not match
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Table 17
Overview of the clinical findings after using sleeves for rTKAs.
Number of knees  Aseptic loosening Infection Periprosthetic fracture Others Survival rate (%) Follow-ups
(months)
Alexander et al. [276] (cementless 30 0 0 0 7 (end-of-stem NA*® 22-52
fixation) pain)
Barnett et al. [277] 36 2 1 0 1 end-of-stem pain 88.9 49
Huang et al. [278] 119 2 6 0 NA NA 42
Thorsell et al. [279] 31 0 4 1 1 skin necrosis 77 60
1 wound rapture
8 (end of stem
pain)
Wirries et al. [280] 47 3 3 NA NA 87.2 60

2 Not available.

(a)

(b)

Fig. 4. (a) a symmetric cone (b) an asymmetric cone. Adapted from Faizan et al. [284].

the geometry of the prepared bone;
3) removing a well-fixed cone in case of another revision is difficult.
Therefore, Ta cones are not indicated for treating bone deficiency in
young patients [18]. Clinical reports for using cones in large bone de-
fects during rTKAs are summarized in Table 16.

3.6.3. Titanium metaphyseal sleeves

The other treatment for type 3 bone defects in rTKAs is the use of
metaphyseal sleeves [268]. The sleeve base is made of Ti alloy and
coated with Ti beads to produce an interconnected surface with a
porosity of 50-80% [269]. The sleeve surface has osseointegrative po-
tential which can provide long-term mechanical support and rotational
stability [269]. Sleeves have stepped shapes and they are connected to
implants with a Morse-taper junction in cementless fixation [251].
Metaphyseal sleeves can be used for contained, non-contained and ir-
regular defects [270] and are available in various sizes (Fig. 3) [271]. A
study showed that prosthesis loosening was far less prevalent in pa-
tients with sleeves compared to cones [272]; this can be partially at-
tributed to the increase in bone density due to stimulating collagen and
HA synthesis, in line with Wolff's Law [273]. However, the influence of
Ti alloy sleeves on the increase of bone formation remains under debate
[272,274,275]. Some of the clinical outcomes after using sleeves for
rTKAs are shown in Table 17.

Similar to Ta cones, there are some complications related to the use
of sleeves, including intra-operative fracture during broaching (enlar-
ging the interior canal of the bone to insert the sleeve) [272], and the
difficulty in removal of the sleeves in re-revisions. In addition, sleeves
are prosthetic system specific, but cones are not linked to a particular
prosthesis [281].

Ti sleeves can be used with or without stems. Stems result in less
micromotion and undergo more osseointegration and are therefore
more stable than stemless designs [269,282]. However, using stems
with sleeves has resulted in pain at the stem tip [269] and increased
stress shielding [282]. Furthermore, positioning of the stem is critical
[283]. Further study and long-term follow-up are required to indicate
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the advantages and disadvantages of using metaphyseal sleeves in
rTKAs.

3.6.4. 3-D printed Ti cones

Porous Ta metaphyseal cones have high success rates in short and
medium-term follow-ups. However, they do not precisely match the
metaphyseal area of the tibia and femur, which can offer an in-
traoperative challenge for surgeons [284]. The geometries for the latest
3-D printed Ti cones, however, are based on patient-specific tibial and
femoral morphologies derived from CT scans [284]. The interface be-
tween the cone and the implant is filled with PMMA and, as a result,
there is no need for bone grafting [281]. Ti cones not only provide
mechanical stability similar to Ta cones, but also the bone preparation,
extraction and longitudinal fractures during surgery are minimized
[284]. Denethy et al. used highly porous titanium cones produced from
3-D printed technology in 62 rTKAs surgeries. Revision-free survival for
a mean follow-up of 27 months (range 24-34) was 90.2% [285]. 3-D Ti
cones can have symmetric (type 1 and 2 bone defects) or asymmetric
shapes (lobe shaped - type 3 bone defect) and are adaptable to any
implant (Fig. 4) [281]. Asymmetric shapes are used for both tibial and
femoral bone defects in rTKA, but symmetric shapes are usually for
tibial defects in rTKA [284]. Long-term follow-ups are required to
evaluate all the advantages and disadvantages of this novel method.

To summarize, all metal augments (blocks, wedges, hemi wedges,
cones, sleeves) have inherent problems, including:

e lack of potential for host bone restoration, causing additional bone
loss during both insertion and revision [262],

e metal debris can be released at the time of connection [286],

o further bone resection may be required to obtain suitable fit [262],

o increased risk of fretting and corrosion [286],

o differences in elasticity between the metal augment and bone may
cause stress shielding and increase the potential for bone loss [15].

e removal of metal augments in re-revision is difficult [287].
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3.7. Bioactive augments

One of the critical factors that causes the low success rates of syn-
thetic grafts and metal augments is their inability to provide adequate
osteogenetic, osteoconductive and osteoinductive effects [9]. Thus, a
successful augment which provides a three-dimensional structure and
also has osteoinductive potential can be a promising treatment for rTKA
[7]. Bioactive augments can be used as intermediate phase implants
which provide adequate mechanical properties (which are variable in
relation to the bone type and load zone) during bone regeneration, and
mass transport, including nutrition and waste [288].

Several synthetic bone graft substitutes which have been in-
vestigated for the fabrication of augments were discussed in Sections
3.2.2 [289]. However, they are still in the developmental stage and are
not ready for clinical use.

4. Conclusions

1. Despite the improvements in biomaterials used to treat bone loss
in orthopedics, an ideal alternative to augments in rTKA does not yet
exist.

2. Metal augments with highly interconnected porous structures
have the potential to revolutionize rTKA, since they can facilitate bone
ingrowth and provide good stability. However, they have inherent
problems such as wear due to fretting and corrosion, and can cause
stress shielding. Furthermore, their large surface area facilitates bac-
terial adhesion.

3. Developing bioactive augments that have structural integrities,
biodegradation, and bone formation rates similar to those of human
bone would overcome the drawbacks of metal augments.

4. Bioactive glasses are promising low-cost materials for augmen-
tation since they are both osteoconductive and osteoinductive.
Furthermore, the compositional flexibility of bioactive glasses makes it
possible to use them as a source of ions to prevent infection and biofilm
formation and/or to regulate the augment degradation, and bone for-
mation rate.

The future of bone loss management may lie in the fabrication of
bioactive augments that can bring together a construct that restores,
maintains and improves damaged tissues. This construct could replace
metal-based augments and revolutionize bone loss treatment methods.
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