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Introduction to bone response
to dental implant materials

V. Perrotti, F. laculli, A. Fontana, A. Piattelli G. lezzi
University “G. d’Annunzio”, Chieti, Italy

1.1 Introduction

1.1.1 Bone structure in the aspect of functionality

Bone tissue, originating from mesenchymal tissue, is a type of specialized connective
tissue that functions as a support. It is involved in many processes, which are essential
for the human body. Bone is uniquely designed for its role of providing mechanical
stability to the skeleton, which is needed for load bearing, locomotion, and protection
of internal organs; it presents characteristics such as strength, hardness, and resistance
to pressure, traction, and torsion. Furthermore, the homeostasis of calcium level in
blood is maintained because the mineral calcium, which is stored in the bone, is mobi-
lized from the storage reserve to enter the blood. The diversity of the bone functionality
can be attributed to its complex structure. Indeed, most of the unique properties of the
bone are related to its specific constitution.

Bone is composed of cells and an intercellular matrix rich in organic compounds,
mainly type I collagen fibers embedded in a ground substance consisting of proteogly-
cans, glycoproteins, as well as inorganic minerals. The collagen fibers form bundles or
fibrils, which resist the pulling forces, whereas the minerals provide stiffness, which
resists bending and compression. Bone minerals are mainly in the form of crystals
of calcium phosphate—calcium hydroxyapatite (HA) and when associated with
collagen fibers give the specific hardness to the bone.

Although the bone is populated by a variety of different cells, its functional integrity
is guaranteed by four principal cell types: the osteoclasts (OCLs), bone-destroying
cells; the osteoblasts (OBLs), bone-forming cells; the osteocytes (OCTs), bone-
maintaining cells; and the endothelial cells (ECs), bone-related angiogenic cells. All
of them have defined tasks and are thus essential for the maintenance of a healthy
bone tissue.

OCLs are large, multinucleated cells formed by the self-fusion of macrophages
(Fig. 1.1). They are located on the bone surface in shallow pits called resorption
pits or Howship’s lacunae. The main function of OCLs is resorption of the bone tissue.
The OCLs are able to resorb the strong matrix by secreting acid and collagenase.
Resorption plays a crucial role in the maintenance, repair, and remodeling of bones.
OCLs are formed by the fusion of mononuclear precursors derived from the pluripo-
tential hematopoietic stem cells and share more committed hematopoietic progenitors
with cells of the mononuclear phagocyte system [1].

Bone Response to Dental Implant Materials. http:/dx.doi.org/10.1016/B978-0-08-100287-2.00001-X
Copyright © 2017 Elsevier Ltd. All rights reserved.
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nuclei

Figure 1.1 High-power XY view of a multinucleated OCL (asterisks) in peripheral blood
mononuclear cell cultures of the bovine bone. Red indicates positive staining for
F-actin—enriched patches and rings with phalloidin—tetramethylrhodamine B isothiocyanate
(TRITC) indicating activated OCLs (red arrows). Green indicates positive staining for the
monoclonal antibody 23C6 to detect human integrin alpha V beta 3 complex of the vitronectin
receptor, scale bar '/, 10 mm.

OBLs are mononucleate cells of mesenchymal origin that are responsible for the
bone formation; they are located mostly on the surface of the bone, as a single layer
of mononuclear cells (Fig. 1.2). Their function is to produce the organic components
of the bone matrix. When active, they show high alkaline phosphatase activity. OBLs
eventually become trapped in the matrix they produce and become OCTs.

OCTs are star-shaped cells that occupy the lacunae in the bone matrix and are the
most common cell types in the bone (Figs. 1.3 and 1.4). They show thin cytoplasmic
processes called filopodia that form a network of small canals called canaliculi. This
network is essential for the exchange of nutrients and waste. OCTs are very long-
living cells, with a half-life of 25 years, and are not capable of division. These cells
have a mechanosensory activity, they have reduced synthetic activity, but are also
able to break down the bone matrix through a mechanism called osteocytic osteolysis
that releases calcium ions for calcium homeostasis and has an important role in
phosphate metabolism. Besides these functions in molecular synthesis and modifica-
tion, OCTs are able to transmit signal over long distances through canaliculi. There
is growing evidence that OCTs are regulatory cells that control the function of
OBLs and OCLs.
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Figure 1.2 A rim of OBLs producing osteoid matrix. Toluidine blue and acid fuchsin staining;
original magnification 200 x.

(a)

Figure 1.3 (a) Histological image showing OCTs in the peri-implant bone tissue of samples
retrieved from humans after a loading period of 4 weeks—7 months. (b) Images showing how

the count of the number of OCTs was undertaken. OCTs lacunae were highlighted in red.
Toluidine blue and acid fuchsin staining; original magnification 100x.

ECs are very flat, they form pavement-like patterns on the inside of the vessels and
are known to function in a variety of important physiological processes. Essentially,
ECs secrete a number of mediators (factors), which may elicit biological responses
by various signal-transduction mechanisms. Such mediators are implicated in regu-
lating the permeability of the endothelium and can promote chemotactic responses,
such as inflammation and blood clotting.

It is well established that bone formation is an angiogenesis-dependent process [2],
and ECs have long been known for their role in the formation of blood vessels that
supply oxygen and nutrients to the developing bone tissue. However, it has been
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Figure 1.4 Regenerative potential of collagenated biomaterial grafts. Representative subvolume
of a collagenated biomaterial as retrieved from in vivo test after 12 months and studied by
synchrotron radiation—based, phase-contrast microtomography. Legend: red phase,
regenerated vessels; white phase, newly formed bone and bone under remodeling; green
phase, tully mineralized bone and residual scaffold.

Courtesy Dr. Alessandra Giuliani, Universita Politecnica delle Marche, Ancona, Italy.

suggested, more recently, that ECs may play a more direct role in bone development
and formation through their interactions with osteoprogenitor cells [3] and, under
certain conditions, their production of specific bone-inductive factors [4].

At the macroscopic level, the bone is arranged in two architectural forms: dense
compact bone (cortical, around 80% of the total skeleton) and cancellous (trabecular,
around 20% of the total skeleton) bone (Fig. 1.5). Cortical bone is dense and made of
multiple stacked layers with less than 10% porosity.

It is organized in cylindrical shaped elements called osteons, composed of concen-
tric lamellae (Fig. 1.6).

Figure 1.5 Histological image of the dense cortical bone tissue. Toluidine blue and acid fuchsin
staining; original magnification 200x.
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Figure 1.6 Histological image of osteons consisting of concentric layers, or lamellae, of
compact bone tissue that surround a central canal, the Haversian canal. Toluidine blue and acid
fuchsin staining; original magnification 100x.

The space between osteons is occupied by interstitial lamellae, which are remnants
of osteons partially resorbed during bone remodeling. Osteons are cylindrical
structures that are usually several millimeters long and around 0.2 mm in diameter.

The center of an osteon is made of a central canal, called the Haversian canal, that
contains the bone’s nerve and blood supply. On the surface of the osteon, the boundary
is formed by the cement line (Fig. 1.7).

Figure 1.7 Histological image of a secondary osteon, showing the cement line formed as a
result of bone remodeling process. Toluidine blue and acid fuchsin staining; original
magnification 200x.
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Figure 1.8 Histological image of the trabecular bone with wide marrow spaces. Toluidine blue
and acid fuchsin staining; original magnification 100x.

Cortical bone is usually found on the surface of bones. In contrast, cancellous bone
is organized in a porous sponge-like pattern (50—90% porosity) and it consists of a
honeycomb of branching bars, plates, and rods of various sizes called trabeculae
and oriented according to the direction of the physiological load (Fig. 1.8).

It is much softer, weaker, and more flexible than the cortical bone and therefore has
a higher surface area to mass ratio, which makes it suitable for metabolic activity such
as the exchange of calcium ions. It is found in most areas of the bone that is not under
high mechanical stress. Cancellous bone makes up the bulk of the interior of most
bones. The difference in tissue arrangement between the two types of bone provides
increased resistance to torsion and bending; the resistance to torsion and bending by
cortical bone is around 20 times superior compared to that by cancellous bone.

At the microscopic level, cortical and cancellous bone may consist of woven or
lamellar bone. Woven bone is organized in a small number of randomly oriented
collagen fibers and contains a high proportion of OCTs (four times the number of
OCTs per unit of volume compared to lamellar bone; Fig. 1.9).

Lamellar bone is highly organized in concentric sheets filled with many collagen
fibers parallel to other fibers in the same layer and contains a low proportion of
OCTs. After a fracture, woven bone quickly forms and is gradually replaced by
slow-growing lamellar bone through a process known as “bony substitution.”

Bone is a dynamic, highly vascularized tissue with the unique capacity to heal and
remodel without leaving a scar. The dynamics of bone formation involves three
different processes:

*  Growth
*  Modeling
* Remodeling

During childhood and the early years of adulthood, while the epiphyses are still open,
the skeleton grows in length (growth), the bones expand in diameter and achieve their
external shape (modeling). During bone modeling, OBLs and OCLs work
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Figure 1.9 A light micrograph under the polarized light of human bone, where an osteon,
typical of lamellar bone, is evident. Toluidine blue and acid fuchsin staining; original
magnification 100x.

independently of each other and on different bone surfaces. The net balance is positive
and it results in bone expansion, with the bone formation exceeding bone resorption.
Bones reach their final external form and high bone density during this period. Both
the growth and the modeling processes are controlled by hormones and mechanical
forces. Following growth, bone volume remains static, with resorption and formation
being in balance. Around the age 20—25 years, peak bone mass is achieved as a result
of these processes. However, in later life resorption exceeds formation, leading to a slow
decline in the bone mass. There is thus an unavoidable loss of the bone mass with age
and a disruption of the trabecular network, which makes fortuitous osteoclastic perfora-
tions possible. Loss of the bone mass with age is unavoidable and is caused by the third
process—bone remodeling. The latter process occurs once growth and modeling of the
skeleton have been completed. It is likely that the major reason for remodeling is to
enable the bones to respond and adapt to mechanical stresses, for example, as a result
of physical exercise and during mechanical loading (e.g. orthodontic tooth movement
or implant loading). Moreover, bone remodeling is designed to maintain a physiologi-
cally and mechanically competent skeleton and to repair areas of microdamage. Wolff’s
law states that bones develop a structure most suited to resist the forces acting upon
them, adapting both the internal architecture and the external conformation to the change
in external loading conditions. This change follows precise mathematical laws. When a
change in loading pattern occurs, stress and strain fields in the bone are modified
accordingly. Bone tissue detects the local change in strain and then adapts accordingly.
The internal architecture is adapted in terms of change in density and disposition of
trabeculae and osteons, the external conformation in terms of shape and dimensions.
When strain is intensified, the new bone is formed. The process is complex and requires
interaction between different cell phenotypes that are regulated by a variety of biochem-
ical and mechanical factors.
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Many oral conditions could lead to bone loss, such as infection, trauma, resorption
after tooth extraction or surgical bone resection, and aging. It is imperative to restore
the bone loss, which is the first step in any further prosthetic restoration. Various
surgical solutions have been developed that allow the recovery of the lost bone. These
techniques are combined with the use of biocompatible materials acting as scaffolds in
supporting the bone regeneration.

1.1.2 Bone remodeling

The current concept of bone remodeling is based on the hypothesis that OCL precur-
sors become activated and differentiate into OCLs and this begins the process of bone
resorption. This step is followed by a bone formation phase. The number of sites
entering the bone formation phase, called the activation frequency, together with the
individual rates of the two processes, determines the rate of tissue turnover [5]. The
signal that initiates bone remodeling has not been identified yet. Recently, it has
been shown that mechanical stress can be sensed by OCTs and that these cells secrete
paracrine factors such as insulin-like growth factor I (IGF-I) in response to mechanical
forces [6]. Although IGF may act as a coupling factor in the bone remodeling cycle, the
signal that initiates the cycle remains elusive. The sequence of events in the normal
remodeling cycle is always the same, osteoclastic bone resorption, a reversal phase,
followed by osteoblastic bone formation to repair the defect.

The termination of bone resorption and the initiation of bone formation in the
resorption lacunae occur through a coupling mechanism [7]. The coupling process
ensures that an equivalent amount of bone is laid down following the previous resorp-
tion phase. The detailed nature of the activation and coupling mechanism is still
unknown, although the roles of some growth factors and proteinases such as
transforming growth factor-f1 (TGF-B), IGF-I, IGF-II, and plasminogen activators
have been indicated [8]. Whether the activation of OBLs begins simultaneously
with OCLs’ recruitment or at some later stage during the lacunar development is still
not clear. Bone remodeling is regulated by systemic hormones and by local factors,
which affect cells of both the OCL and OBL lineage and exert their effects on the repli-
cation of undifferentiated cells, the recruitment of cells, and the differentiated function
of cells [9]. The end product of remodeling is the maintenance of a mineralized bone
matrix and the major organic component of this matrix is collagen I (COL-1). The local
factors are synthesized by skeletal cells and include growth factors, cytokines, and
prostaglandins. Growth factors have effects on cells of the same class (autocrine fac-
tors) or on cells of another class within the tissue (paracrine factors).

Growth factors are also present in the circulation and may act as systemic regulators
of skeletal metabolism, but the locally produced factors have more direct and impor-
tant functions in cell growth. Growth factors may play a critical role in the coupling of
bone formation to bone resorption and possibly in the pathophysiology of bone
disorders.

Bone resorption is stimulated or inhibited by signals from other parts of the body,
depending on the demand for calcium. Calcium-sensing membrane receptors in the
parathyroid gland monitor calcium levels in the extracellular fluid. Low levels of
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calcium stimulate the release of parathyroid hormone (PTH) from chief cells of the
parathyroid gland. In addition to its effects on the kidney and intestine, PTH also -
increases the number and activity of OCLs to release calcium from the bone and
thus stimulates bone resorption. High levels of calcium in the blood, on the other
hand, leads to decreased PTH release from the parathyroid gland, decreasing the num-
ber and activity of OCLs, resulting in less bone resorption.

OBLs stimulate osteoclastic differentiation of OCL precursors through Wingless-
related integration site 5a (Wnt5a) signaling. The matricellular signaling effected by
TGF-B1 and IGF-1 is integrated with the Sema4D-Plexin B1-mediated OCL—OBL
interaction. Sema4D, whose secretion by OCLs is stimulated by increased OCL
differentiation factor receptor activator of nuclear factor kappa-B ligand (RANKL),
inhibits OBLs’ differentiation. OBLs are induced to migrate to the resorption sites
and differentiate through the secretion of Wnt10b by OCLs at the end of the resorption
phase. OBLs, in turn, inhibit osteoclastogenesis (and therefore bone resorption) via
osteoprotegerin (OPG) and RANKL secretion.

OCTs regulate bone formation through the release of Wnt antagonists, Sclerostin
and Dickkopf-related protein 1, which in turn are inhibited by mechanosignals and
PTH. Wt signaling in OCTs controls the production of OPG, a decoy receptor for
the key RANKL. In the bone resorption cavity, calcium, TGF-B1, and IGF-1 are
released in response to osteoclastic activity. A number of paracrine signals are
stimulated in OCTs following changes in skeletal loading, including prostaglandin
12 and prostaglandin E2, nitric oxide, and IGF. Recent studies have raised the
intriguing possibility that the OCT apoptosis may be part of the mechanism whereby
OCLs are targeted to sites of bone resorption as it is elevated in the bone that is being
remodeled. Estrogen suppression, a known stimulant of bone resorption, increases
OCT apoptosis, and changes in bone loading are also associated with OCT apoptosis.
The phenotype of the OCTs appears deficient in some receptors found on the OBL.
However, the OCT is well adapted for its role in bone homeostasis and maintains intra-
cellular signaling to respond to the unique demands of its location.

It is well established that the bone formation is an angiogenesis-dependent process
[2], and ECs have long been known for their role in the formation of blood vessels that
supply oxygen and nutrients to the developing bone tissue. However, it has been sug-
gested, more recently, that ECs may play a more direct role in the bone development
and formation, through their interactions with osteoprogenitor cells [3] and, under
certain conditions, their production of specific bone-inductive factors [4]. ECs secrete
a number of mediators (factors), which may elicit biological responses by various
signal-transduction mechanisms. Such mediators are implicated in regulating the
permeability of the endothelium and can promote chemotactic responses in a variety
of important physiological processes, such as bone formation, remodeling, and heal-
ing. Indeed, it is the capillary that supplies oxygen and nutrients and removes calcium
and waste products of resorption. One of the most important nutrients transported via
the vasculature to the basic multicellular unit is oxygen. In the absence of oxygen,
OBLs cannot produce collagen effectively and their proliferation is reduced. Cellular
responses to changes in oxygen tension are directed through the activity of the
hypoxia-inducible factor (HIF), which is capable of activating the gene transcription
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in response to low oxygen levels. OBL-specific knockdown of HIF1a. or HIF2a has
demonstrated important roles for HIF in controlling bone formation and vascularity.
Furthermore, low oxygen environments encourage OCL HIF1a stabilization leading
to increased OCL number.

1.1.3 The modern concept of biocompatibility

For over 50 years, biocompatibility consisted of implantable medical devices that
should remain in contact with the tissues of the human body for a long time, without
showing any adverse effect on those tissues from a chemical and biological point of
view.

The first generation of implantable devices was designed and developed during
the 1940s, and over the next few decades it became obvious that the best biological
performance would be achieved with materials that showed the least chemical
reactivity.

The selection criteria for implantable biomaterials included a list of events that had
to be avoided, such as the local or systemic release of some products of corrosion or
degradation, additives or contaminants of the main biomaterial, and their subsequent
biological reaction. So, materials were selected if they were nontoxic, nonimmuno-
genic, nonthrombogenic, noncarcinogenic, and nonirritant.

Three important factors initiated a reevaluation of the biocompatibility concept:

1. The response to specific materials could vary from one application site to another, showing
that the biocompatibility was dependent both on the material characteristics and on its
application;

2. The material should specifically react with the surrounding tissues in a positive way, avoiding
any adverse effect;

3. The material should degrade over time in the body rather than remain indefinitely.

Accordingly, biocompatibility was redefined in 1987 as follows: “Biocompatibility
refers to the ability of a material to perform with an appropriate best response in a
specific situation” [10]. Because this definition appeared to be too general, because spe-
cific mechanisms, such as individual involved processes or innovation of new
biomaterials, were not provided, a modern approach defined biocompatibility as “a com-
plex that depends on the characteristics of a material and on the biological host system.”

Once grafted, the biomaterial should interact with cells of the host tissue, producing
an appropriate response, which would lead to the desired clinical outcome through a
combination of positive effects on critical cells and the avoidance of negative impact
on others. The critical cells could be embryonic stem cells, ECs, or OBLs. The time scale
may be minutes, hours, days, or years and the clinical outcome could be tissue replace-
ment, functional support, tissue regeneration, etc. The biomaterial influences the events
within the biological environment by either mechanical or molecular signaling
processes, or more commonly by both. The biomaterial encounters macromolecules
in the environment and becomes coated by an adsorbed layer typically composed of
proteins, which may be coupled with biomaterial-derived ions or molecules. All subse-
quent interactions will take place between macromolecule-coated biomaterial and
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surrounding tissues. Although because a material may affect different biological systems
in different ways, there is not a material with unique biocompatibility characteristics.

Bone substitute materials should have osteoconductive properties, become inte-
grated in bone and replace it, allow ingrowth of blood vessels, and be easy to use as
well as cost-effective. However, the modern concept of biocompatibility implicates
that biomaterials, besides osteoconductivity, should also show osteoinductive and
even osteogenic properties. Osteoconductive materials are composed of a matrix
that acts as a scaffold for the bone deposition. Osteoinductive materials contain mol-
ecules that stimulate differentiation of progenitor cells into OBLs. Some biomaterials
even contain osteogenic cells, OBLs, or OBL precursors, which are capable of forming
bone if placed in the proper environment.

Autologous bone (AB) is the only material characterized by osteogenic properties
with the best results in bone regeneration, although its limited availability and the need
for an additional surgical procedure to harvest the bone are nowadays considered dis-
advantages in its use.

It is extremely important to evaluate the interaction of a biomaterial with the host in
the attempt to establish its biocompatibility and investigate their interactions. A good
biomaterial should stimulate some cells of the receiving site, such as OBLs, OCLs,
cells of innate, and adaptive immunity and platelets. Therefore, the host cells can be
divided into three groups [11]:

1. Target cells
2. Defensive cells
3. Interfering cells

The target cells are the cells at which the therapy is aimed. They could be OBLs in
bone contacting device, stems cells in a tissue engineering bioreactor, or cancer cells in
a polymer-chemotherapeutic agent [12,13]. The defensive cells are cells of innate and
adaptive immunity and platelets. Their existence is based on the need to repel and
remove adverse external agents. The interfering cells are those that are in their natural
habitat and essentially get in the way and interfere with the response, for example,
fibroblasts in the soft connective tissue [14] or OCLs in the bone [15]. The activity
of these cells can lead to hyperplasia or tissue resorption, or other undesirable events.

The involvement of defensive cells in the entire process is inevitable and the critical
question is whether their responses are controlled or uncontrolled. In the latter case, the
cells of the immune system react to the presence of the biomaterial, resulting in the
release of a variety of proinflammatory mediators. The combined cellular and humoral
answer during the inflammatory process can lead to an accelerating and aggressive re-
action that destructs both biomaterial and host tissue [16]. In other cases, the presence
of the irritant biomaterial may lead to giant cell formation and granulation tissue gen-
eration [17]. Interfering cells form part of the normal anatomical structure into which
the biomaterial may be grafted and their influence can have an important effect on the
clinical outcomes. The biomaterial components are usually nonspecific and may
induce uncontrolled response of both defensive and interfering cells, which may
lead to excessive tissue growth, tissue loss, and the loss of function because of the
perturbation of normal homeostasis [18].
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Moreover, the biomaterial components can be uptaken by the surrounding cells
through a variety of mechanisms such as phagocytosis, pinocytosis, endocytosis,
or the direct transit through the plasma membrane. Once inside the cell, the component
can directly affect some cellular metabolic pathways or it can be degraded in
endosomes and lysosomes or be altered by the cell enzymes. The products of these
processes also influence the cell metabolism. The generation of reactive oxygen spe-
cies could be induced and, together with alterations in organelle function, can result in
cell damage or interfere with apoptotic and necrotic pathways [19].

1.2 Biomaterials

Several different biomaterials have been used in bone regeneration procedures and all
of them seem to be able to favor the formation of a significant amount of vital bone.

A biomaterial should act as a scaffold for the formation of bone, possesses pore
volume, pore interconnectivity, and pores size adequate to allow the invasion of oste-
ogenic cells and blood vessels, and have mechanical features similar to the tissues to be
regenerated. Biomaterials should, moreover, present a biologic stability, help in the
volume maintenance, and allow for bone remodeling. Macro- and microporosity
and the interconnecting porous structure of the grafted biomaterial play a relevant
role in supporting the penetration, proliferation, and differentiation of OBLs and the
ingrowth of newly formed blood vessels into the biomaterial particles.

Some researchers believe that a biomaterial should be completely resorbed and
replaced by newly formed bone.

1.2.1 Autologous bone

AB is the golden standard of the grafting material due to the presence of vital OBL and
growth factors. It has osteogenic, osteoinductive, and osteoconductive capabilities.
Histology shows that it is a highly osteoconductive material, and most of the particles
are partially and/or completely surrounded by newly formed bone, in tight contact with
the particles. A complete absence of inflammatory cells, multinucleated giant cells, or
foreign body reaction cells should be noted. However, its main disadvantage is related
to its quantity obtained from intraoral sources, and often an additional surgical proce-
dure is required, with a higher morbidity. Furthermore, AB can present a rapid and
unpredictable resorption [20].

1.2.2 Porous phycogenic hydroxyapatite

Porous phycogenic hydroxyapatite (PHA) derived from calcifying maritime algae
(Coralline officialis) is a biologic HA, prepared by the hydrothermal conversion of
the calcium carbonate in the presence of ammonium phosphate at about 700°C.
This process helps in preserving the porous structure of the biomaterial. Its composi-
tion is pure inorganic calcium phosphate. The pores have a mean diameter of 5—10 pm
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with a periodical septation with a mean length of 50—100 pum and interconnected by
means of small perforations with a mean diameter of 1—3 um. Every pore is lined by
fluorhydroxyapatite crystallites, with a size of 25—35 nm [11]. The particles are inter-
connected by microperforations, having a mean diameter of 1 pm. Its elevated micro-
porosity should be helpful in the ingrowth of osteogenic cells and blood vessels.

PHA is a biocompatible, osteoconductive, and resorbable biomaterial. Most
of the biomaterial particles appeared to be surrounded by newly formed bone,
and in a few fields some particles seemed to be partially resorbed and substituted
by newly formed bone. No inflammatory cell infiltrate or foreign body reaction
cells were present; the bone was always in tight contact with the biomaterial parti-
cles with no intervening gaps (Figs. 1.10 and 1.11). Bone was present inside many
biomaterial particles [21,22].

1.2.3 Collagenized porcine biomaterial

Collagenized porcine biomaterial is composed of carbonated nanocrystalline HA,
containing organic material.

Most of the grafted biomaterial particles were surrounded by the newly formed
bone with large OCT lacunae, always in tight contact with the particles, and no
gaps were observed at the bone—biomaterial interface. No inflammatory cells and
multinucleated giant cells were present. Some of the grafted particles were bridged
and cemented by the newly formed bone. Many bone trabeculae were undergoing
remodeling. Porcine bone is a highly osteoconductive biomaterial. It undergoes resorp-
tion, with the presence of active resorption signs (Fig. 1.12). OBLs and newly formed
bone were commonly found on the surface of the biomaterial particles [23—25].

Figure 1.10 Histological image of a sample retrieved 6 months after a sinus lift in a human
subject. Newly formed bone with remodeling areas and residual porous PHA material can be
observed. Toluidine blue and acid fuchsin staining; original magnification 40x.
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Figure 1.11 High-power histological image of porous PHA particles partially surrounded by the
newly formed bone. Toluidine blue and acid fuchsin staining; original magnification 100x.

Figure 1.12 Histological image of a collagenized porcine material used to regenerate a
postextraction socket in humans. The sample was retrieved after a 3-month healing time. The
biomaterial particle is surrounded by the newly formed bone, which can be seen also in the
inner part of the granule. The material’s margin appears indented. Toluidine blue and acid
fuchsin staining; original magnification 100x.

1.2.4 Anorganic bovine bone

Anorganic bovine bone (ABB) is a deproteinized bovine bone with a 75—80% degree
of porosity and a size of the crystals of about 10 nm. It presents large pores and a high
connectivity. ABB is one of the most used biomaterials and it has shown good
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osteoconductive properties. No inflammatory cell infiltrate, foreign body response, and
other adverse effects are present. A high quantity of new bone formation has been
reported with the use of ABB. Usually, ABB particles seem to be almost completely
surrounded by the newly formed bone. No gaps or connective, fibrous tissue were
observed at the bone—biomaterial interface. Some particles seemed to be bridged by
the newly formed bone. Due to its low resorption rate, ABB may significantly
contribute in the prevention of volume tissue loss in grafted sites opposing, for
example, the sinus pressure due to repneumatization. The ABB particles and the newly
formed bone produce a dense hard tissue supportive, also over the long term, of loaded
implants (Fig. 1.13). This biomaterial has, thus, a long-term, three-dimensional stabil-
ity [26,27].

1.2.5 Biphasic calcium phosphate

Biphasic calcium phosphate (BCP) is composed of a combination of HA and trical-
cium phosphate (TCP) and used in bone regeneration procedures. It has different ratios
of HA/TCP, giving rise to balanced phases of activity, a more stable phase of HA, and
a more soluble phase of TCP. The resorption rate of the material is dependent on the
HA/TCP ratio (a higher TCP means a higher solubility); this material gradually dis-
solves in the body, determining the new bone formation by the release of calcium
and phosphate ions. BCPs are highly biocompatible, and they do not provoke a foreign
body or a toxic response. Most of the grafted BCP particles were partially surrounded
by the newly formed bone with no gaps (Fig. 1.14). Some particles were bridged by the
newly formed bone. Resorption was observed at the surface of some particles
[28,29,30].

Figure 1.13 Histological image of an ABB particle integrated into the bone tissue and bridging
the newly formed bone trabeculae. Toluidine blue and acid fuchsin staining; original
magnification 100x.
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Figure 1.14 Histological image of BCP material retrieved 6 months after a sinus augmentation
procedure in humans. In some portions, both next to newly formed bone and to a marrow
space, signs of dissolution of the biomaterial particles can be observed. Toluidine blue and acid
fuchsin staining; original magnification 100x.

1.2.6 Calcium carbonate

Different types of corals (aragonite or calcite forms of calcium carbonate) have been
successfully used as a bone grafting biomaterial. They have a porous structure
(150—500 pm), similar to the cancellous bone. These biomaterials can combine
good mechanical properties with an open porosity. Their interconnected porous archi-
tecture, high compressive breaking stress, good biocompatibility, and resorbability,
suggest their use as scaffolds for bone tissue engineering. Newly formed bone, with
wide marrow spaces and wide OCT lacunae, was usually found around many bioma-
terial particles and some were bridged by the newly formed bone (Fig. 1.15). No in-
flammatory cell infiltrate, foreign body reaction, and fibrous connective tissue at the
interface were observed [31,32].

1.3 Challenges and further trends

1.3.1 Graphene

Graphene is a flat monolayer of carbon atoms in a two-dimensional (2D) honeycomb
lattice with high aspect ratio layer geometry and a very high specific surface area. It has
attracted attention in recent years due to its exceptional thermal, mechanical, and elec-
trical properties. Indeed, although graphene was originally developed for nanoelec-
tronics applications, research interests in this material are continuously expanding to
other fields, such as biomedicine and regenerative engineering.
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Figure 1.15 Histological image of calcium carbonate, where newly formed bone and osteoid
matrix next to the particle can be observed. Toluidine blue and acid fuchsin staining; original
magnification 100x.

Chemical bonding and structure were described during the 1930s. Philip Russell Wal-
lace was the first who calculated in 1949 the electronic band structure, although the sci-
entists did not pay special attention to this material until 2004. Andre Geim and
Konstantin Novoselov, professor and doctoral student at the University of Manchester,
respectively, isolated the first samples of graphene from graphite by mechanical exfolia-
tion process [33]. Graphene can be obtained following both the bottom-up and the top-
down approaches. Examples of the synthesis from simpler molecular entities (i.e.
bottom-up) are chemical vapor deposition [34], anodic bonding [35], growth on silicon
carbide [36], molecular beam epitaxy [37], unzipping of carbon nanotubes [38],
self-assembly and polymerization of elected surfactants [39], and chemical syntesis
[40]. Liquid-phase exfoliation [4 1] and mechanical exfoliation [33] of graphite are exam-
ples of cost-effective top-down strategies for the preparation of graphene.

Graphene, due to its 2D nature, owns unique electronic properties and is the thinnest
ever tested material with an extremely high effective surface area (~2600 m*/g). Gra-
phene is a carbon allotrope in which each atom is connected with the neighboring carbon
through a strong C—C covalent bond and shares with one of the two neighboring car-
bons one electron to form a 7 bond. Defect-free samples of graphene have a Young’s
modulus of 1.0 TPa and a superior intrinsic strength of ~ 130 GPa. Graphene is one
of the strongest materials known with a breaking strength over 100 times greater than
a hypothetical steel film of the same thickness. With the functionalization of graphene,
there is a reduction of mechanical robustness due to the introduction of defects. Thus, the
mechanical properties of functionalized graphene are still much better than those of
various traditional materials. Due to the out-of-plane quadratic dispersion of phonon,
graphene possesses superior thermal transport properties and the intrinsic thermal con-
ductivity (K) of this material is found to be as high as 5000 W m/K; thus, the graphene is
a heat conductor one order better than copper.
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Thanks to its 2D structure, each carbon atom can undergo chemical attack from
both sides with respect to its plane resulting in the most reactive and lightest among
all carbon allotropes and allowing to tune graphene properties at will. The possibility
to favor its hydrophilicity (i.e. graphene oxide, GO) or tune its affinity to different
materials via functionalization of the high exposed surface is responsible for the
potential use of graphene in biological and medical applications. Particularly attractive
appears to be the adaptability of graphene to flat or irregular surfaces due to its capacity
to bend and its elasticity, and, therefore, its ability to be incorporated into any tissue or
on any surface and scaffold (such as chitosan or HA), whether it is solid, in the form of
hydrogels, or three dimensional. Moreover, worth noting is its transparency that
differentiates graphene from black carbon analogs such as graphite, carbon nanotubes,
and amorphous carbon. All these properties as well as the low cost of production
process, playback on a large scale, and the availability of graphene makes it a really
valuable and an exceptional additive for biomaterials.

1.3.2 Biomedical applications

Several studies have been conducted to study possible applications of graphene in the
field of biomedicine. Studies clearly indicate that graphene and its related substrates
are excellent nanoplatforms for promoting the adhesion, proliferation, and differenti-
ation of various cells, such as human mesenchymal stem cells [42] and demonstrated
that graphene synthesized by chemical vapor deposition was biocompatible with hu-
man OBL as well as mesenchymal stem cells, stimulating cell differentiation and
growth [43]. Other interesting studies in the same line have been performed by other
researchers [44—46], who demonstrated that graphene-based sheets were not harmful
for human mesenchymal stem cells and concluded that those sheets accelerated their
specific differentiation to bone cells (OBL) hypothesizing a great potential for this ma-
terial in the field of bone regeneration. Also [47,48], in their studies in mice defects in
which four types of scaffolds were used (titanium, titanium with bone morphogenetic
protein 2 (BMP-2), titanium with GO, and titanium with BMP-2 and GO), the re-
searchers concluded that Ti covered with GO allows a major amount of BMP-2
dose adhesion and its major liberation without modifying its structure and bioactivity.
This enables a better human mesenchymal stem cell differentiation into OBLs and,
therefore, a better bone neoformation in comparison with the other three scaffolds
(Ti, Ti and GO, and Ti and BMP-2).

The exceptional physical properties of graphene certainly have a huge potential
when combined with sophisticated derivatives and composites to provide functional,
biologically active surfaces. The capability of biofunctionalization of graphene and
its derivative, GO, has brought these nanomaterials under the spotlight and has drawn
intense attention for a plethora of applications in biotechnology including bioassays,
drug delivery, biosensors, photothermal anticancer therapy, and electrical stimulation
of cells [49]. Several researchers have also evaluated the potential of graphene in neu-
ral and bone regeneration; however, few studies evaluated the ability of graphene to be
biocompatible, osteoinductive, and osteoconductive when added to biomaterials.
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Figure 1.16 Histological image of a sample of PB coated with 50 pg/mL graphene

oxide retrieved from sheep. Newly formed bone in contact with remnants of the graphene
oxide coating can be observed. Toluidine blue and acid fuchsin staining; original magnification
100x.

Nowadays, the majority of biomaterials able to act as bone substitutes are limited to
be osteoconductive and then only in part failed from the point of view of the processes
of bone regeneration [50]. Studies report that graphene-HA are promising composites
for scaffolds’ fabrication in bone tissue engineering due to their ability to support pro-
liferation and differentiation of human fetal osteoblastic (hFOB) cells [51]. Scientists
developed a new effective procedure for the production of GO-coated porcine bone
(PB) granules and analyzed their in vitro and in vivo potential. The results showed
no toxic effects of GO-coated PB samples on primary human gingival fibroblasts
and no inflammatory response around the grafted particles when implanted in vivo.
Newly formed bone was detected around GO-coated PB particles (Fig. 1.16), although
a small loss of GO was observed (Fig. 1.17), suggesting to use less GO concentrated
samples.

In order for graphene to be used in biological and medical fields, biocompatibility
as well as toxicological and ecological tests has been performed. It has been demon-
strated that the in vivo effect of graphene-based materials (GBM) depends on their
physical—chemical properties, concentration, time of exposure, and administration
route, and also on the characteristics of the animals used. Most studies report no occur-
rence of adult animal death; however, there are some reports of GBM accumulation
and histological findings associated with inflammation, and, more rarely, fibrosis.

In conclusion, before clinical applications, a systematic comparative study, for
example, a deep meta-analysis, is highly desired to address the relative safety concerns
(subtracting false-negative and false-positive effects) of graphene and derivatives.
Although cell viability in vitro is not affected, graphene nanocytoxicity in a clinical
setting using humans remains unknown, and further studies are needed to better eval-
uate the potential applications of this wonderful material.
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Figure 1.17 Histological image of a sample retrieved from sheep where PB particles coated
with 50 pg/mL graphene oxide were used to fill bone defects. It is evident how the coating,

although detached from the particles, is biocompatible as osteoblasts are depositing osteoid

matrix next to the remnants of the coating. Toluidine blue and acid fuchsin staining; original
magnification 200x.
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2.1 Introduction

Over a number of decades, researchers and clinicians have empirically observed the
effects of surface roughness (or lack of it) on soft and hard tissue response [1]. Rough
and smooth surfaces affect osseointegration. However, there has been little under-
standing of the mechanisms involved.

Empirically, device manufacturers have, for many years, been using surface rough-
ening techniques to enhance bone apposition to implants. The final outer finish of a
dental implant is believed to play an important role in the ability of the bone to
grow on the implant surface. There are, indeed, a great variety of finishes presently
in use throughout the dental implant industry. For example, machined, acid etched,
laser machined, blasted, and alloys coated with materials that induce bone activity
are currently in use. Combinations of these techniques are often used to optimize
implant fixation. For example, Szmukler-Moncler et al. [2] have shown that sandblast-
ing with large grit followed by acid etching increases bone growth on the surface by
50% after 10 weeks of healing.

Conversely, smooth surfaces are often used to ensure a fibrous tissue barrier
with the bone. A machined finish creates grooves on the order of 0.5—1 pm.
Once a machined finish is polished, the surface of the implant is smooth to the
nanometer level. On the cellular level, neither a machined finish nor a polished
finish provides a surface with a texture promoting osseointegration. For example,
fracture fixation devices have smooth polished surfaces because they are designed
to be easily removed when no longer functional. This chapter discusses what is
known of the mechanisms that allow cells to respond to surface topography.
Reliance will be mainly on the cell biology and tissue engineering literature.
This rich literature has provided often-overlooked clues to how cells respond to
surfaces. The ways in which this information can be used to tissue engineer
surfaces and examples of surfaces that have been engineered for cell response
will be described.

Bone Response to Dental Implant Materials. http:/dx.doi.org/10.1016/B978-0-08-100287-2.00002-1
Copyright © 2017 Elsevier Ltd. All rights reserved.
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2.2 The implant as extracellular matrix

The most accurate way to view cell response to surfaces is to look at any surface that
interfaces with cells as one would view extracellular matrix (ECM). Normally, we
view ECM as the tissue matrix where the cells reside within. Similarly, the implant
surfaces should also be considered as a form of ECM. Cells never interact directly
with any synthetic surface (in vivo or in vitro) as long as there are proteins present.
In surgical sites, implants immediately come in contact with blood proteins and
many of these proteins adhere to these surfaces because virtually all tissue-
integrated implant surfaces are relatively hydrophilic and bind proteins immediately
upon contact. In addition, over time, as cell—surface interfaces mature, the nature of
the protein interface changes as the proteins change and cells change their attachment
proteins [3]. Thus, proteins always mediate the interface between cells and surfaces. So
the interface between cells and artificial surfaces is analogous to that of cells and ECM.
When cells and either ECM or implant surfaces are discussed, it should be assumed
that there is a proteinaceous interface between them.

2.3 Cell attachment

Cells form direct attachments to both ECM and implant surfaces. The first cells that
reach the surface after implantation are macrophages and polymorphonuclear leuko-
cytes (PMNs). These are immune system cells, and although they play an important
role in the healing process, they are mostly transient at the interface. The cells that
produce tissue at the interface (in the case of dental implants) are mostly fibroblasts,
osteoblasts, and epithelial cells.

Attachments formed by cells are discontinuous and are analogous to “spot welds”
between the cells and the surface. These attachments, which are collections of cell
attachment proteins, are referred to as cell attachment plaques, or hemidesmosomes,
in the case of epithelial cells attached to dental implants and teeth. These collections
of proteins are cell-signaling molecules (ligands) that interact with clusters of integrins,
which are transmembrane molecules that internalize the cell attachment signal into
the cellular machinery, including the cell cytoskeleton and its associated cellular struc-
tures [4,5].

The combination of cell attachment plaques, integrins, and the cell cytoskeleton
represents the mechanism by which the cell internalizes information from the ECM
or implant surface. It is the three-dimensional arrangement of these cell attachments
that determines how the cell responds to ECM and implant surfaces. Mechanotrans-
duction and cell response to surface micro- and nanostructure are closely related.
Mechanotransduction is simply the process by which mechanical forces cause changes
in ECM configuration, which results in changes in the way cells respond to ECM.
Ingber has authored an excellent summary of the mechanisms involved with mechano-
transduction [6]. A further exposition on macro-mechanotransduction explaining the
effects of mechanical stress on the bone can be found in Section 2.8.
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2.4 Cell behavior on smooth surfaces

To determine how cells respond to topography, it is best to examine how cells behave
when there is a lack of significant topography. Because researchers have been growing
cells on flat culture plates for a very long time, there is extensive literature on this type
of behavior. For instance, it is known that in media containing significant amounts of
protein a typical mammalian cell such as a fibroblast will attach, spread extensively,
form stress fibers, which are organized collections of cytoskeleton components, and
proliferate at very high rates until the cells reach monolayer (confluence) conditions.
There is also considerable historical evidence that there is an inverse relationship be-
tween proliferation and ECM production, suggesting that extensive proliferation
causes dedifferentiation [7].

It is now clear that proliferation is partly based on extensive cell spreading and cell
attachment plaque formation, as this has been shown to have a stimulatory effect on
cell proliferation [5]. Early landmark studies of cell attachment showed that, if surfaces
were modified to limit cell spreading, cell proliferation is also limited [8]. A significant
determinant of this behavior, in vitro, is probably based on the three-dimensional
configuration of the cell attachment plaques on the flat surface. Because these cell
attachments are arranged in a planar array they internalize this information and
control the arrangement of the cytoskeleton accordingly. Because these cells live
in the normal ECM, which almost never exists as a perfectly flat surface in vivo,
this flat arrangement of cell attachments is an unusual arrangement for these cells,
and the cells respond by spreading extensively, proliferating at abnormally high
rates, and dedifferentiating.

2.5 Cell behavior on three-dimensional and
roughened surfaces

Cells behave much differently in ECM, roughened surfaces, and tissue-engineered sur-
faces compared to flat surfaces. This is based on a concept called contact guidance.
Contact guidance refers to the way in which cells respond to surface micro- and nano-
structure. Ross G. Harrison, a pioneer in cell culture techniques and the first to grow
neurons in culture [9], was supposedly the first to observe this phenomenon in 1907,
although the referenced paper does not specifically mention this. He supposedly noted
the way in which growing neurons followed structural defects in glass culture plates.
Harrison mentored Paul Weiss in the 1930s, and Weiss coined the term “contact
guidance,” and studied this phenomenon extensively. Weiss and Garber published a
landmark paper in 1952 [10] that examined the morphology of cells cultured in
three-dimensional fibrin clots of different concentrations and orientations. They found
that cells in disorganized fibrin were more stellate in appearance and lacked significant
orientation, whereas cells in organized fibrin became organized parallel to the fibrin
and more spindle shaped. This was the first publication that demonstrated how orga-
nized ECM caused cells to orient and change shape. It is widely recognized as the first
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tissue engineering publication that examined cell response to three-dimensional scaf-
folds and defined the ways in which cells respond to changes in ECM organization by
changing their cellular morphology. Although the mechanisms of contact guidance
were unknown at the time, we now know that contact guidance is based on the way
cells extend filopodia to explore ECM and then form cell attachment plaques with
the ECM. The three-dimensional arrangement of these cell attachment plaques is the
key to the cell response to ECM.

On complex surfaces, the arrangement of cell attachment plaques follows the three-
dimensional arrangement of the surface, with cell attachment plaques forming on micro-
and nanostructural peaks rather than in the valleys. Cell attachments do not form in the
small valleys of these surfaces because of the dynamics of the cell cytoskeleton, and so
the actual amount of available surface area for cell attachment on these surfaces is limited
relative to flat surfaces. Cell attachment processes contain cytoskeleton elements, which
are tensile and compressive in nature and form linear arrays. Thus, they cannot form effec-
tively around sharp corners. This makes them incapable of conforming to small nano- and
microindentations, and so they attach to the crests of the structures rather than the depres-
sions [11]. In effect, this means that cell processes are not capable of “reaching” around
sharp corners and conforming to extremely complex surfaces. Stem cells have been
shown to respond to roughened surfaces by changing differentiation, which is partially
mediated by RhoA (Ras homolog gene family member A protein) [12].

In addition, because the surfaces are three-dimensionally complex, the arrangement
of cell attachments is also three-dimensionally complex as determined by the surface.
This suggests that this change in attachment configuration results in (1) smaller
numbers or lesser area of cell attachment, resulting in less signaling for proliferation,
and (2) a three-dimensional cytoskeletal arrangement more like the one that is
normally seen in the ECM, resulting in changes in cell differentiation.

2.6 Mechanisms involved with translation of cell
configuration to differentiation

There is an extremely large body of literature that addresses the mechanisms involved
with translation of cell attachment configuration with cell differentiation. As with most
biologic processes, there are multiple pathways and significant redundancy built into
the system. One particular system is very well documented and seems to be involved
with mechanotransduction as well as cell response to surfaces. This system can be
summarized as follows:

1. The signals from the cell attachments, mediated by integrin transmembrane proteins, are
internalized into the cellular machinery including the cytoskeleton.

2. The configuration of the cytoskeleton controls many cellular signaling events, including
cellular response to growth and differentiation factors [5].

3. This process is at least partially controlled by a system of small GTPase (guanosine triphos-
phate hydrolase enzyme) proteins such as Ras family proteins [13], Rho family proteins and
subfamily proteins such as Rac and Racl, and proteins such as ROCK1 (Rho associated
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protein kinase 1), which is a downstream effector of RhoA [14]. These signaling molecules
make up one of the systems that control cell spreading, proliferation, and differentiation.
Knocking out the Ras signaling system has been shown to stop cell migration and prolifer-
ation, effectively paralyzing the cell [13]. Supplemental data from this publication, in the
form of time-lapse videos of cell migration and proliferation dramatically, show the effect
on cells when these Ras proteins are knocked out. This effectively stops cell response to sur-
faces by interrupting cell cytoskeleton function.

4. In the case of mechanotransduction, changes in the GTPase protein system are more dynamic
and based on changes in the ECM configuration. However, the mechanisms behind this pro-
cess are probably similar to the cell response to ECM in general.

Signaling molecules such as these GTPases have been shown to be the major path-
ways by which the signals from cell attachments and their three-dimensional patterns
are translated into changes in the cell cytoskeleton and modulation of cell function and
gene expression [5]. The effects of these signaling molecules are complex and it is not
entirely clear how they are related as they respond differently to different surfaces and
in different cells. A detailed study of this system is beyond the scope of this chapter. It
is, however, important to note that these molecules represent an important and well-
documented intermediate signaling system between the ECM, cell attachment plaques,
the cell cytoskeleton, and overall cell function (migration, proliferation, differentia-
tion, and apoptosis).

2.7 Using controlled surface configuration to control
cell function—tissue engineering surfaces

It is only recently that controlled surfaces have begun to be used to control cell
function. This has been done most successfully using two different methods: control
of surface chemistry (protein and surface chemistry patterning) and control of surface
micro- and nanogeometry. Both will be elaborated upon in this section.

Protein and surface chemistry patterning usually employs controlled microstructure
“stamps” that are produced using soft lithography and then used to apply cell attach-
ment proteins to surfaces (such as stamping ink on paper) in very controlled patterns
where cell attachment is desired. Other surface chemistries are also used in conjunction
with these methods to produce hydrophobic surfaces to prevent cell attachment where
it is not wanted. Some of the best examples of the effects of the use of micro- and
nanofabricated surfaces to control cell spreading, growth, and migration have been
produced using these methods [15,16]. In fact, supplemental data from the article by
Doyle et al. [16], which is in the form of time-lapse videos of cell migration, show
exactly how controlling cell attachment can control cell spreading and migration.
The videos by Doyle et al. show how cells respond when they are confined to channels,
respond to flat surfaces, and respond to cross-hatched surfaces (a similar concept to
roughening). These methods have worked well in vitro, where the presence of other
proteins in the environment can be controlled. However, in vivo, these protein-
patterned surfaces face interference from additional attached proteins and have not
been found to be effective.
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Most current roughened surfaces are randomly roughened meaning that they consist
of a wide variety of surface structures depending on the method of processing. This has
been shown empirically to work well for osseointegration and to strongly influence cell
spreading and shape [17], but optimization of these surfaces has been elusive as their
structure is not controlled. Consequently, many investigators in the tissue-engineering
field have developed controlled micro- and nanotextured surfaces that demonstrate
how specific surface configurations can be used to control cell function in vitro
[18—20]. An excellent example of the use of controlled surface effects on cell and
tissue formation, in vitro, can be found in the work of Guilemette et al. [21], where
cell culture substrates containing cell-sized microgrooves were used to organize cells
and the ECM produced by these cells. This was done to engineer multilayered tissue
in vitro. Their results indicated that layers of cells and ECM, when cultured on these
controlled surfaces, self-assembled into organized tissues. Multiple cell types were
examined and in many cases, when multiple layers of cells and ECM were used,
additional layers aligned based on the initial layers on the controlled surfaces. In a
publication examining the response of bone cells to oriented surfaces [22], it was found
that the cellular response was mediated at least in part by the RhoA/ROCK pathway.

Ricci et al. [18] have worked with similar microgrooved surfaces for a different
purpose. Based on the previously noted data on the effects of cell spreading on prolif-
eration, it was hypothesized that microgrooved surfaces, if produced in the proper sizes
relative to cell size, could be used to inhibit cell spreading and thus their proliferation.
A systematic study of microgroove dimensions was performed, ranging from 2 to
12 um (ridge and groove dimension as well as depth), and their effects on both fibro-
blasts and bone marrow-derived osteoblast-like cells were evaluated. These surfaces,
which were produced using silicon wafer technology similar to that used in the micro-
electronics industry, had profound effects on cell cytoskeleton configuration, cell
orientation, spreading, and proliferation [19,20]. Microgrooves and ridges in the range
of 6—12 um (12—24 pum repeat spacing), and with similar depths, were shown to
reduce cell proliferation up to 50% while causing orientation and migration of the cells
parallel to the microgrooves, and preventing orientation and migration perpendicular
to the microgrooves.

A method was then developed for producing similar microgroove patterns on
titanium alloy surfaces using ultraviolet laser micromachining. These surfaces were
characterized using specialized software and scanning electron microscopy (SEM)
and compared with machined surfaces and a successful and widely used random
roughened surface known as the resorbable blast textured surface (Figs. 2.1—2.3).
The results indicated that the machined surface had Sa (roughness height) and Rc
(profilometry feature height) values of 0.459 and 0.802 um, respectively, and an Sdr
(developed surface area or area percent in excess of a flat surface) of 13.09%. The
roughened surface had Sa, Rc, and Sdr values of 3.07, 7.80 um, and 30.51%, respec-
tively, and the laser microchanneled (8 pm microchannel) surfaces had Sa, Re, and Sdr
values of 2.94, 7.93 um, and 66.74%, respectively. In addition, the Rsm (spacing
between major features) of the laser microchanneled surface was 16.18 um. The Rc
and Rsm values were precisely at specification for the 8§ pm microchanneled surface,
demonstrating the precision of manufacturing and reproducibility of this surface. Other
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474 um

Figure 2.1 Scanning electron micrograph (a), three-dimensional reconstruction (b), and surface
profilometry tracing (c) of a titanium alloy machined surface. Bar = 15 pm.

Reproduced from Int J Periodontics Restorative Dent 2016;36(suppl.):s39—46 with permission
from Quintessence Publishing Co., Inc.
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Figure 2.2 Scanning electron micrograph (a), three-dimensional reconstruction (b), and surface
profilometry tracing (c) of a roughened titanium alloy surface. Bar = 15 um.

Reproduced from Int J Periodontics Restorative Dent 2016;36(suppl.):s39—46 with permission
from Quintessence Publishing Co., Inc.

than the organization of this surface, the significant increase in the Sdr value of this
surface may also be one of the reasons for its success. Figs. 2.1—2.3 show the SEM
images, three-dimensional reconstructions, and profilometry tracings of these surfaces.

Surfaces with 8 and 12 um microchannels (16 and 24 pm repeat spacing), with
similar depths, were initially tested in an implantable chamber model placed in the
canine femur [23,24]. The results indicated that these surfaces developed more exten-
sive bone ingrowth and contact than either machined surfaces or roughened surfaces
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Figure 2.3 Scanning electron micrograph (a), three-dimensional reconstruction (b), and surface
profilometry tracing (c) of a laser microchanneled titanium alloy surface (8 pm groove and
ridge size). Bar = 15 pm.

Reproduced from Int J Periodontics Restorative Dent 2016;36(suppl.):s39—46 with permission
from Quintessence Publishing Co., Inc.

made of the same alloy and that in the case of the microchannel surfaces, the bone
organized parallel to the microchannels. Mechanical tensile testing of the interface
between new tissue and these surfaces indicated significant bone adhesion to the
microchannels. Areas of fibrous tissue interface, such as those seen in marrow spaces,
also showed attachment to these laser micromachined surfaces.

These 8 and 12 pm surfaces were then produced on the collars of dental implants
and tissue response was examined in a canine, functionally loaded study [25].
When these microchanneled implant collars were placed in the bone, the bone was
observed to attach and remain at crestal levels, and in a significant number of cases,
grow slightly up the collars (referred to as the bone upgrowth). When portions of
the collars were left supracrestal, it was observed that the microchannels inhibited
epithelial downgrowth, and these surfaces developed significant areas of fibrous tissue
attachment. Perhaps the most significant observation, and one that was not fully appre-
ciated at the time, was that the orientation of fibrous tissue in these areas was not the
parallel (to the implant surface) collagen orientation that we usually observe at
machined and random roughened surfaces (Figs. 2.4 and 2.5), but was oriented tangen-
tially to the surface (Fig. 2.6). Fibrous tissue cells were also observed to be oriented
within the microchannels (Fig. 2.7). This was an unexpected result, but extremely sig-
nificant, as these fibers, while not Sharpey’s fibers (there is no cementum observed),
could be interpreted to function like the supracrestal fibers that are part of biologic
width around the natural teeth. These results were equivalent using either the 8 or
12 pm surfaces. Human histological studies have confirmed these results [26], and
these studies, as well as observations of microchanneled abutments retrieved from
human patients, have shown that the epithelial and fibrous attachments to these sur-
faces is extremely robust (Fig. 2.8). In human and animal studies of microchanneled
implants and abutments [26,27] and in retrieved specimens, when mechanical
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Figure 2.4 Interference transmitted light photomicrograph of soft tissue adjacent to a machined
dental implant collar in a mechanically loaded canine model at 6 months. The collagenous
tissue and fibroblasts are organized parallel to the implant surface. Bar = 200 pum; toluidine
blue staining.

Figure 2.5 Transmitted light photomicrograph of the soft tissues adjacent to a roughened dental
implant collar in a mechanically loaded canine model at 6 months. The collagenous tissue and
fibroblasts are organized parallel to the implant surface. Bar=500 pm; toluidine blue staining.
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Figure 2.6 Interference transmitted light photomicrograph of soft tissues adjacent to a laser
microchanneled (12 um ridge and groove) dental implant collar in a mechanically loaded
canine model at 6 months. The plane of section is perpendicular to the microchannels. The
collagenous tissue is organized tangentially relative to the implant surface. Bar = 50 um;
toluidine blue staining.

Figure 2.7 Transmitted light photomicrograph of soft tissues adjacent to a laser microchanneled
(12 pm ridge and groove) dental implant collar in a mechanically loaded canine model at

6 months. The plane of section is perpendicular to the microchannels. Many of the dark
blue-stained fibroblasts at the implant interface can be seen within the microchannels and appear
to be oriented perpendicular to the plane of section. Bar = 50 pm; toluidine blue staining.
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Figure 2.8 Scanning electron micrograph of an 8 um laser microchanneled abutment that had
been removed from a human patient after 2 months. No attempt was made to preserve the
tissue attachment upon removal, and the only attached tissue was observed on the
microchannels. The rows of cells in and on the microchannels appear to be gingival epithelial
cells. In other areas of this abutment (not shown), there were areas of fibrous tissue attachment.
Bar = 30 pum.

separation of the soft tissue from the surface is attempted, layers of epithelial cells,
fibrous tissue, or both were observed to remain attached to the microchanneled
surfaces and failure is observed to occur within the soft tissue rather than at the tissue—
implant interface. This suggests that the soft tissue attachment to these surfaces is
stronger than the tissue itself.

2.8 Mechanical basis for bone retention around
dental implants

In an effort to try to understand the mechanical basis for the bone retention around im-
plants that attach better to the adjacent tissue, Alexander et al. [28] performed an
analytical study, through finite element analysis, to predict the minimization of crestal
bone stress resulting from implant collar surface treatment. Axial and side loading
were studied for two different collar—bone interfaces (nonbonded and bonded, to
simulate smooth and microchanneled surfaces, respectively).

Dental implants are designed to bear the loads caused by the teeth during mastica-
tion. The goal is to have the maximum amount of bone engaged with the body of the
implant and thus provide the most stability. In the past, it was well documented
throughout the literature that crestal bone loss averages more than 1 mm in the first
year, and at least 0.10 mm each the following year [29]. Accumulation of crestal
bone loss over the lifetime of an implant affects the load-bearing capability of the
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implant and leads to cosmetic problems or implant failure. Crestal bone loss results
from bone response to biological factors present at the bone—implant interface and
bone response to mechanical factors of loading. As a result, the crestal bone around
the implant often takes a saucer-like shape, which continues to become more
pronounced as time progresses.

Dental implants are loaded in multiple ways. Teeth are subject to axial loads,
bending and twisting moments, shear forces, and a combination of any or all of these
loading mechanisms. The transfer of loads from the implant to the bone, along with the
stress ranges created by the loads, is assumed to affect the osseointegration and bone
remodeling around the implant. Mechanosensing theory, evidence supporting the
concept, and how it applies to the levels of loading along the bone—implant interface
have been the subjects of many research efforts.

There certainly is evidence in animal evolution that the bone has a mechanism of
performing mechanosensory functions. It is, however, not absolutely established
whether the mechanosensitivity mechanism is governed by the local stress, the local
strain, or the frequency of the loading phenomenon, or a combination thereof. The
work of Moseley and Lanyon [30] seems to argue for a strain rate response for
bone remodeling. There is also evidence that bone responds to local strain [31] or to
stress [32,33] but, is it total stress that governs or a component, deviatoric or
dilatational?

Burger and Klein-Nulend [34,35] proposed that there is a bone cell network that
links the bone cell signal caused by strain to a cellular signal, which causes bone
resorption or bone formation. Mechanotransduction in the bone is described
by them through the following mechanism: bone loading > matrix strain >
mechanosensing of bone cells > bone formation by osteoblasts or bone resorption
by osteoclasts. Within the bone lies a complex three-dimensional network of lacunae
and canaliculi. These micropores are filled with the interstitial fluid that supply the
bone cells with nutrients and, it is proposed, provide a means for the bone cells to sense
mechanical changes. As the bone is stressed, the interstitial fluid flow causes mechan-
ical shear stress and strain-generated potentials. By measuring the production of
anabolic factors, nitric oxide, and prostaglandins, it has been experimentally shown
that osteocytes have the ability to sense fluid flow and communicate intracellularly.
Furthermore, the presence of nitric oxide and prostaglandins during bone loading
has been correlated with other cellular reactions, i.e., endothelial cells in blood vessels,
which require intracellular communication. The recruited bone cells are transferred
through the lacuno-canalicular porosity to the necessary area of the bone. A combina-
tion of the anabolic messages and cell transfer brings either osteoclasts to remove the
bone or osteoblasts to form the bone.

Ingber’s excellent summary of the mechanisms of mechanotransduction [6],
discussed in Section 2.3, although more related to soft tissue cells, probably also
relates to Burger’s theory [34,35] because squeeze flow most likely triggers flow
receptors on the cell surface. Ingber described that at the molecular level the flow
receptors connect to the same or similar systems through integrins or the cytoskeleton.
Therefore, Ingber’s theory may, on a cytoskeleton and molecular level, explain
Burger’s “squeeze flow” hypothesis.
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The mechanotransduction mechanism as described by Burger [34] can be used to
explain the cellular activity involved with bone remodeling under various load con-
ditions. It is proposed, that under normal load conditions, bone has just enough me-
chanical stimulation to provide osteocytes with nutrients and waste removal. Disuse
of bone leads to extremely low mechanical stimulation and nearly zero fluid flow. A
low level of fluid shear does not create the necessary flow needed for nutrient sup-
ply and waste removal. As a result, disuse causes osteocyte death. Recruitment of
osteoclasts causes the elimination of bone until the cell supporting fluid shear
returns to normal and re-establishes osteocyte activity [34]. Damage to the network
from overstress (beyond the yield stress) also leads to osteocyte death and the
consequent recruitment of osteoclasts and bone destruction. The von Mises
criterion, also known as the octahedral shearing stress theory, predicts failure by
yielding when the octahedral shearing stress at a point achieves one-half the
maximum principle stress at yielding [36]. Alexander, Ricci, and Hrico [28] used
the von Mises stress to assess the bone—implant interface using the finite element
method. Crestal bone response with and without a bone-attaching collar was eval-
vated. It was determined that with exposure to an 80 N side load, the maximum
crestal bone stress was more than four times higher in the bone adjacent to an un-
attached collar as opposed to an attached collar. They hypothesized that the high
relative motion from distortional stress overload can result in the loss of crestal
bone and fibrous tissue formation.

Earlier, it was believed that fibrous encapsulation was optimal, and, therefore, the
loading timeline was not a concern. Fibrous tissue formation is believed to occur via
the following mechanism. During early bone healing, micromotion damages the tissue
and vascular structure. Micromotion probably interferes with the development of
adequate early scaffolding from a fibrin clot, and disrupts the reestablishment of a
new vasculature to the healing tissue, which in turn interferes with the arrival of regen-
erative cells. Eventually, the healing process is re-routed into repair by collagenous
scar tissue instead of regeneration of bone [37]. The resulting encapsulation is signif-
icantly inferior to adequate bone response at the bone—implant interface.

As understanding evolved, it was realized that the longevity of implants depends on
the quality of bone fixation. As a result, implants were placed and given a long period
of time, 3—6 months, under low stress to allow for sufficient osseointegration. In the
1970s, the concept of micromotion affecting bone response at the implant interface
was introduced. In the years leading up to the present, many expansions on the concept
of micromotion have been made. Furthermore, it is now known that there is a threshold
for excessive micromotion between 50 and 150 um, above which the bone formation
turns to fibrous encapsulation [38]. It also appears that the threshold value for micro-
motion is a function of the implant design and surface characteristics. Pilliar et al. [39]
also utilized finite element analysis to investigate the crestal bone stress state around
porous-surfaced implants versus machined threaded implants. They concluded that
the observed greater retention of crestal bone next to porous-surfaced implants was
attributable to lower peak stresses developed in the crestal peri-implant bone.

Similarly, aggressively attaching bone to the microchanneled collar of an implant is
predicted to diminish crestal bone stress, and, therefore, this fibrous tissue formation
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Figure 2.9 Tissue response to machined and microchanneled collars at 9 months
postimplantation in a canine model. (a) Machined histology. (b) Microchanneled histology.
Bar = 500 um. SVG stain (Stevenel’s blue and counterstained with van Gieson’s picro
fuchsin).

Reproduced from Weiner S, Simon J, Ehrenberg DS, Zweig B, Ricci J. Advanced surface
microtexturing techniques to enhance bone and soft tissue response to dental implants. Implant
Dent 2008;17(2):217—28, with permission from Lippincott Williams and Wilkins.

effect. This may be the explanation for crestal bone retention. Canine implantation
study results reported by Weiner et al. [25] appear to bear out this proposition.
Fig. 2.9 demonstrates the difference in the crestal bone response between two different
implant collars (C is “as machined” and LL is “microchanneled”). Because canines use
their teeth to shear food rather than grind it, the comparison with the side loading state
analyzed in Alexander et al. [28] would appear to be appropriate. The higher stresses
predicted with the unattached collar should result in bone loss. This is born out by the
histology shown in Fig. 2.9(a). The low stress predicted with the attached collar should
be crestal bone protective. This is born out by the histology shown in Fig. 2.9(b).

Clinical testing was performed in a prospective, controlled 37-month study by
Pecora et al. [40]. Each patient received two single tooth implants of the same design
with either machined or microchanneled collars. The study was performed with a total
of 15 patients who received 20 sets of implants. The crestal bone loss data are the most
dramatic result of this study. The differences between the LL (microchanneled) and C
(machined) implants were tested at each study visit by a paired #-test resulting in
p-values <.005 for all time periods after 5 months post-op.

As is shown in Fig. 2.10, the microchanneled collar bone loss is limited to the
0.6 mm range, whereas the machined collar demonstrated up to almost 2 mm of
bone loss.
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Figure 2.10 Crestal bone loss microchanneled versus machined control in a 3-year prospective,
controlled clinical study. Error bars = standard error: p < .005 after month 5.
Reproduced from Pecora GE, Ceccarelli R, Bonelli M, Alexander H, Ricci J. Clinical evaluation
of laser microtexturing for soft tissue and bone attachment to dental implants. Impl Dent 2009;
18(1):57—66, with permission from Lippincott Williams and Wilkins.

These surfaces are now used on the BioHorizons Laser-Lok implants (BioHorizons
Inc., Birmingham, AL, USA), and a significant body of literature has described their
efficacy. A review of this literature has been prepared by Ketabi and Deporter [41].

2.9 Conclusion

Cell and tissue response to surfaces can be controlled through chemical modification,
microgeometric modification, or both. However, the chemical modification approach,
while effective in vitro, has not shown such impressive results in vivo; probably
because of interference by adsorbed proteins from body fluids and other cellular pro-
cesses at the interface. Microgeometric modification, however, shows every indication
of being a long-term solution in vivo and a clear idea of the mechanisms involved now
exists. The results of the in vitro and in vivo studies noted earlier have established a
direct link between the three-dimensional organization of cell attachments to ECM
and implant surfaces, their influence on the organization of the cell cytoskeleton,
the resultant effects on the GTPase signaling system, and ultimately the effects on
cell differentiation and cell function. There is no longer a knowledge gap between
how cells attach to surfaces and the related mechanisms that significantly control
cell function.

Understanding the cellular response to surfaces has resulted in the utilization
of high surface area, organized microtextures to encourage the bone integration.



40 Bone Response to Dental Implant Materials

With tissue attachment shown to decrease local tissue stresses, further loss of bony
tissue is diminished. This provides a further mechanical explanation for the
superiority of such surfaces in retaining the bone in the critical crestal area of a
dental implant.

Indeed, in a significant article on tissue engineering from 2009, Bettinger et al. sug-
gested that the way to control cell response is through the use of micro and nanotex-
tured surfaces [42]. This approach is now being used to tissue engineer implant
surfaces to mimic the effects of ECM, and, as is documented above, the first generation
of these surfaces has been very successful. Hopefully, this is only the beginning of
tissue-engineered surfaces that will revolutionize tissue response to all types of
implantable medical devices.
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Surface modification of dental
biomaterials for controlling
bone response

1.-S. Yeo
Seoul National University, Seoul, Korea

Dental implants made of titanium (Ti), especially commercially pure Ti, have
become a well-established treatment modality for the replacement of missing teeth
and are state of the art in the field of dental restoration. Since it was first described
by Branemark, osseointegration, which refers to close contact between bone and
Ti and its alloys at the light microscope level, has advanced substantially in clinical
application. Successful long-term clinical results, i.e., those over 10 years, have been
well documented [1]. The six factors that are key to the long-term success of implants
include the following [1]:

. Biocompatibility

. Implant design

. Surface characteristics
. Host factors

. Surgical technique

. Loading condition

AU A W=

Biologic responses at the interface between the implant surface and bone play a vital
role in the longevity of implant osseointegration and the function of implant-supported
prostheses. In vivo findings have supported this by showing that changes in implant sur-
face design have immense effects on bone response to the surface [2—4].

Originally, the principles established by the Goteborgs group required a latency
period of several months for bone healing and hard tissue attachment to the surface
of a commercially pure Ti implant, which is now called a turned Ti implant [5]. Turned
Ti implants inserted into patients’ jawbones were not placed under intraoral functional
load during the healing period until the implants underwent osseointegration. Clini-
cally, this meant that patients underwent long edentulous periods before implants
were loaded or before the implant-supported prostheses were installed in patients’
mouths. Thus, there was a need for improved techniques that would allow for earlier
loaded implants and, therefore, shortened edentulous periods. Also, as more patients
received implants, there was a greater demand for improvements in clinical utility,
such as use in areas with poor bone quantity or quality or in the setting of negative local
or systemic influences.

Titanium is a biologically stable metal that is used because it is inert, remains un-
changed, and does not provoke foreign body reactions or activate biocompatible

Bone Response to Dental Implant Materials. http://dx.doi.org/10.1016/B978-0-08-100287-2.00003-3
Copyright © 2017 Elsevier Ltd. All rights reserved.
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responses when introduced into human bodies [6,7]. To improve the speed and
strength of bone formation and to thereby allow more rapid loading of the implant, re-
searchers have investigated the effects of modifying implant surfaces. They have
demonstrated that several types of surface treatment may enhance surface biocompat-
ibility and bone response around the implant, resulting in rapid osseointegration and
early loading [6,8—14]. The surface modification is considered to start from the topo-
graphical change of the surface or increasing the roughness of the Ti surface. Surface
scientists found that a rougher Ti surface increases surface free energy, which pro-
motes the adhesion and differentiation of osteogenic cells [7]. Various surface treat-
ment methods have been introduced to modify the Ti implant surface for enhanced
affinity to the biological environment: (1) changing the surface topography using phys-
ical and/or chemical methods; (2) transforming surface properties by coating with a
highly biocompatible material, such as calcium phosphate and functional peptide;
and (3) performing the above changes in combination.

This chapter first describes the bone healing process around implant surfaces. Then, it
introduces several modified surfaces and their effects on the biological response. It fo-
cuses on modifications of Ti surfaces specifically because Ti and Ti alloys remain one of
the most widely used implant materials for biomedical applications [15]. Implants made
of zirconia have been recently investigated. However, zirconia implants have not yet
been used clinically, and the modification methods for zirconia implants are similar to
those for Ti. An additional consideration is that, in reality, surface modifications change
both the topography and chemical properties, even if the method is described and clas-
sified here as primarily belonging to one of these two categories. For example, calcium
phosphate coating on the Ti surface changes the morphological structure of the surface
as well as the surface characteristics from Ti oxide to calcium phosphate.

3.1 Bone responses to implant surfaces

When holes are drilled with dental implant drills and the implants are inserted,
bleeding and hemostasis occur in the bone from the surgical trauma, lasting from mi-
nutes to hours. The bone debris and matrix generated from the surgical procedure of
implant drilling may release various growth and differentiation factors and bone matrix
proteins, including bone morphogenetic proteins, which are activated by the bone
trauma. Bleeding and damaged endothelium from injured blood vessels form platelet
plugs, and simultaneously provoke the coagulation cascade of the tissue factor
pathway (the extrinsic pathway) and the contact activation pathway (the intrinsic
pathway), leading to fibrin formation for hemostasis. When an implant is placed
into the bone, the implant surface is thought to first make contact with water molecules
and ions. The surface polarity changes, and the major plasma proteins such as albumin
bind to the surface. Slowly, extracellular matrix proteins including vitronectin, which
plays a role in cell adhesion, replace the major plasma proteins (Fig. 3.1). The hydro-
philic Ti surface appears to allow the initial processes to occur more easily than the
hydrophobic surface, because the first contact material with the surface is water and
hydrophilicity is advantageous in preserving the conformation (and therefore function)
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Figure 3.1 Schematic diagrams of the molecular events around the implant surface during
hemostasis are shown. First, water (H,O) and ions (here, calcium ions, Ca2+) adhere to
the surface (a). Note that the positive side (hydrogen) of a water molecule has the direct
contact with the surface, which is known to be negative. Calcium ions are known to play a
bridge role in that the plasma proteins (b) and the subsequently exchanged extracellular
ones (c) attach to the Ti implant surface. Alb, albumin; Vit, vitronectin; Fib, fibronectin.

of the adsorbed proteins [16]. Cells begin to adhere to the Ti surface by binding to the
coating of vitronectin, fibronectin, and other extracellular matrix proteins.

Activated platelets from the platelet plugs release stored granules, which contain
various growth factors and cytokines. Platelet degranulation results in vasodilation
and an inflammatory reaction, beginning after about 10 min and lasting for some
days after surgery [16]. Polymorphonuclear leucocytes, macrophages, and the comple-
ment system are responsible for the initial immune response to bacterial insult. Im-
mune cells arrive at the site of surgical injury through the process of diapedesis and
chemotaxis. The period of early inflammation (i.e., the first 3 h) is critical because it
dictates the course of the subsequent reaction: either enhanced and prolonged inflam-
mation or subsided inflammation and progressive healing. Therefore, clean surgical
technique is very important for a desirable bone response to the implant surface. Mac-
rophages have Janus kinase activity and continually secrete proinflammatory mole-
cules, prolonging the inflammation as long as bacteria are present. However, they
secrete angiogenic and fibrogenic molecules, stopping inflammation and preparing
bone healing if they can remove tissue debris and bacteria from the site of surgery.
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Granulation tissue is formed by new extracellular matrix and angiogenesis. This
newly formed tissue is established during the “proliferative phase,” which lasts for a
few days to a few weeks [16]. Fibroblasts are a key component in the formation of
this granulation tissue as they produce collagens and other extracellular matrix proteins
after arriving at the wound site. They also break down the blood clot with metallopro-
teinases and attach to the arginine—glycine—aspartate (RGD) sequence of fibronectin
via their transmembrane receptors, integrins. Additionally, angiogenesis by endothelial
cells occurs simultaneously; endothelial cells are stimulated and attracted by angiogenic
molecules secreted by macrophages, primarily vascular endothelial growth factor. New
bone can be formed from the blood vessels made from this angiogenesis. After osteo-
progenitor cells adhere to the implant surfaces where the extracellular matrix proteins
are adsorbed, they differentiate into osteoblasts. Osteoblasts also maintain adhesion to
fibronectin through integrins binding to the RGD motif. Other motifs—for example,
those derived from laminins—are also thought to contribute to cell adhesion via integ-
rins or syndecans [17—19]. In fact, this cell attachment at the bone—implant interface is
the most critical biological step in the clinical healing phase of a dental implant [20]. In
the case of bone trauma, such as implant drilling, bone morphogenetic proteins, which
are stored in the bone matrix, are released and activated. Likewise, other cytokines and
growth factors participate in the new bone formation. Newly formed bone makes contact
with the implant surface after 1 week of implant insertion [21]. The first bone at the bone
healing site is woven bone, which begins with the secretion of collagen matrices by os-
teoblasts, followed by hydroxyapatite mineralization.

Woven bone is replaced by lamellar bone through a process of bone remodeling. Os-
teoclasts are the major contributors to this process and function by providing space for the
lamellar or compact bone. Bone remodeling can continue for years depending on the load
distribution around the implant and the bone [16]. Actually, bone resorption by osteo-
clasts is balanced with the bone formation by osteoblasts. Differentiated osteoblasts form-
ing the bone detach from the surface of the formed bone using collagenases. Migrating
osteoclast precursors are then attracted by the newly exposed bone surface. These precur-
sors adhere to the surface, differentiate into osteoclasts, and osteoclasts form a resorption
apparatus, which is called Howship’s lacuna and ruffled borders, absorbing the bone.
Osteoblastic precursor cells can detect the texture of the bone surface in the Howship’s
lacuna with pseudopodia, gaining information of the bone quantity necessary to fill the
lacuna [22]. This feature appears to be involved in the enhanced bone formation activity
of osteoblasts detecting the irregularities of topographically modified Ti surfaces [23].
The Haversian system, the fundamental functional unit of the new lamellar bone, is pro-
duced to effectively bear the load transferred via the inserted implant.

3.2 Roughening the surface

3.2.1 Surface characteristics

Surface topography is defined by three characteristics: lay, waviness, and surface
roughness. Lay indicates the direction of the principal surface configuration such as
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the horizontal pattern of machining grooves created during the milling process to make
a Tiimplant. Waviness is a measure of surface irregularities that are usually larger than
those of surface roughness, which indicates the fine deviations of a surface. Implant
surface can be classified by its surface roughness, specifically one of the surface pa-
rameters, S,: the arithmetic mean height of a surface. This chapter mainly focuses
on microroughness that ranges from about 1 to 5 um of S,. Macroroughness, including
implant geometry and threads, and nanoroughness less than 100 nm of S, are partially
described in this chapter. The classification of microroughness is here based on the sys-
tem of Albrektsson and Wennerberg [6], wherein smooth surfaces have less than
0.5 pm of S,, minimally rough surfaces have an S, of 0.5—1.0 um, moderately rough
surfaces have an S, of 1.0—2.0 pm, which is considered to be optimal in bone re-
sponses, and rough surfaces have more than 2.0 pm of §,.

The turned Ti surface is without any modification process of the surface. Surface
machining by computer numerical control (CNC) milling produces the features of
this surface, a smooth surface with some machining grooves (Fig. 3.2). The surface
roughness is generally less than 0.5 pm of S,, which is classified as “smooth.” As
mentioned above, this type of surface has shown long-term clinical success in restoring
the missing teeth, although it requires a long period for osseointegration before
loading. Therefore, the turned Ti surface has served as a control in many studies eval-
uating the quality of modified surfaces.

Physically blasting (or grit blasting) the Ti surface with certain particles, called blast
media, modifies the surface mainly topographically. Frequently used blast media
include aluminum oxide (Al,O3), titanium oxide (TiO;), or calcium phosphorus

Figure 3.2 The scanning electron microscopic image of a turned Ti surface is shown (Deep
Implant System, Inc., Seongnam, South Korea). The grooves (black arrowheads) are made
during the process of machining by CNC milling (x5000 magnification).
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Figure 3.3 The scanning electron microscopic image of a blasted Ti surface (Deep Implant

System, Inc., Seongnam, South Korea) shows many irregularities that are formed during the
process of blasting. The diameter of the blast media (here, about 50 pm), type of the media

(here, Al,05), and blasting pressure influence the surface morphology. Usually, the sizes of the
irregularities are larger than those formed by etching (x5000 magnification).

(CaP) particles in the field of dental implantology (Fig. 3.3). Particle size, blasting time
and pressure, and distance from the particle nozzle to the surface all influence the
resulting roughness. The optimal roughness of the blasted surface that shows the
best removal torque and bone-to-implant contact data is a moderately rough surface
with about 1.5 um of S, [12].

Although Ti itself is resistant to corrosion by acid, acids can erode and form pits on
the surface of Ti implants when the implants are immersed in acidic solutions because
commercially pure Ti has trace impurities that are acid labile. The diameter of the pro-
duced pits is approximately 0.5—2 pum (Fig. 3.4). Hydrochloric acid, sulfuric acid, and
hydrofluoric acid are largely applied to the Ti surface for modification of the dental
implant. The microstructure of the etched surface depends on the type, concentration
and temperature of the acidic solution, and the time of etching. The S, value of this
etched surface has been evaluated to be less than 1.0 pm. Thus, the roughness may
be “smooth” or “minimally rough.”

The Ti surface can be sandblasted with large-grit particles, which are generally
250—500 pm in size, and then immersed into acidic solutions for etching, resulting
in the sandblasted, large-grit, and acid-etched (SLA) surface (Fig. 3.5). This combined
surface is one of the most widely used and with a long history of clinical use in the
market of dental implants, although the topography is different from surface to surface
based on the combination of conditions used for blasting and etching. The SLA surface
has an S, value that is “moderately rough” in most studies. Additionally, it has shown
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Figure 3.4 Smaller honeycomb-shaped irregularities (red arrowheads) are found on the entire
Ti surface modified by acid etching (Deep Implant System, Inc., Seongnam, South Korea)
(scanning electron microscopic, x 5000 magnification).

i
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Figure 3.5 The Ti surface sandblasted with large particles, followed by acid etching, shows
characteristic irregularities (Deep Implant System, Inc., Seongnam, South Korea) (scanning
electron microscopic, x 5000 magnification). The irregularities consist of large crater-like
structures, resulting from the blasting procedure (red arrowheads), and small honeycomb-

shaped micropits (black arrowheads), which are formed by the application of acids to the
surface.
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higher biocompatibility compared to surfaces that were blasted only or etched only.
Therefore, the SLA surface is considered an adequate positive control in comparison
studies evaluating a new modified surface.

The SLA surface with additional hydrophilic properties has been developed and is
being used in the market of clinical dentistry. This type of surface is called hydrophilic
SLA or modified SLA (modSLA) surface. The existing SLA without the additional hy-
drophilicity is sometimes called standard or hydrophobic SLA for clarity. Rinsing the
standard SLA surface in water under nitrogen protection and storing the surface in
isotonic NaCl solution without atmospheric contact is known to make the SLA surface
water friendly [24]. The hydrophilic SLA surface has topographical features similar to
those of the standard SLA surface (Fig. 3.6), i.e., it is “moderately rough.” However,
there have been some studies showing an S, higher than 2.0 pm in the modSLA sur-
face, which would be classified as “rough” [25,26].

A Ti oxide layer is naturally formed on the Ti surface upon exposure to oxygen in air.
The oxide layer can be thickened by placing the Ti surface as an anode in a galvanic cell
and applying voltage to the electrolyte solution. Scanning electron microscopy shows
many micropores with different diameters on the oxidized Ti oxide surface (Fig. 3.7).
The surface roughness used in dental Ti implants is often minimally rough, and the sur-
face characteristics can be changed depending on the applied voltage, the contents of
electrolytes, and the time of electric current (oxidation time). Furthermore, Ti oxide—
not Ti itself—is biocompatible. Therefore, anodic oxidation procedures are considered
to provide this surface with higher biocompatibility by increasing the thickness of the Ti
oxide layer and by changing the surface topographically.

00 ¥ 100l
Figure 3.6 The scanning electron microscopic (SEM) image of a hydrophilic SLA surface is
shown (SLActive, Institute Straumann AG, Basel, Switzerland). Actually, there is no specific
SEM feature differentiating between the hydrophilic and standard SLA surfaces (x5000
magnification).
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Figure 3.7 This scanning electron microscopic image shows typical surface characteristics of an
anodically oxidized Ti surface, which include protruded open pores (black arrowheads)
(x5000 magnification).

Extremely rough surfaces are developed by a method, called direct metal laser sin-
tering (DMLS). This method is one of the additive manufacturing (publicly, 3D print-
ing) techniques, in which thermal energy by laser fuses Ti alloy powder (here, 90% Ti,
6% aluminum, 4% vanadium, or Ti-6Al-4V) by melting as the powder deposits to an
implant shape instead of milling a Ti alloy block with a CNC machine (Fig. 3.8). Very
rough surfaces are made through this procedure. R, (two-dimensional version of S,)
value is shown to be about 60 um, not optimal, but to be similar in biocompatibility
to the sandblasted and etched surface [27—29]. This surface is still under investigation,
not marketed yet, although some human cases have been reported [30,31].

3.2.2 The effect of surface topography on bone healing

There has been rapid development in the field of Ti dental implant surface modifica-
tions. Various novel surfaces known to be biocompatible have been clinically intro-
duced and tested. Generally, the hierarchical approach is accepted for evaluating
biologic responses to modified surfaces [32]. Surfaces are first tested in vitro on cells,
and properties such as cell adhesion, spreading, and expression of some important
marker genes are evaluated. Second, in vivo animal research including histomorpho-
metric evaluations is performed. Third, retrospective and/or prospective clinical inves-
tigations follow. As mentioned above, modified surfaces have been evaluated in many
laboratory and clinical studies using the turned Ti surface as a control.

Blasted surfaces have been shown to have better histomorphometry compared to
turned surfaces [33]. Specifically, blasted surfaces exhibit better bone-to-implant
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Figure 3.8 The surface made by DMLS is very rough and porous (x200 magnification). Notice
the low magnification for this image (x200), compared to much higher magnification for other
scanning electron microscopic images in this chapter (x5000). The additive manufacturing
technique melts and fuses Ti alloy powder to produce such an extremely irregular surface
morphology with ridge-like and globular protrusions, interspersed by intercommunicating
pores and narrow crevices.

Courtesy of Dr. Adriano Piattelli.

contact (BIC), which is defined as the ratio of the direct bone—implant contact length
along a defined implant length at a light microscopic level, and larger bone area, which
is defined as the ratio of the newly formed bone to a defined area around the implant.
Previous studies indicate a positive correlation between increased roughness and blast-
ing and osseointegration [34,35]. In comparison studies with the turned surface, by
conducting experiments on animals, it has been found that the etched surface also
has been found to achieve faster and stronger osseointegration [36,37]. Many studies
have also shown better results in both in vitro and in vivo experiments when the SLA,
hydrophilic SLA, or oxidized surface is compared to the turned surface [14]. Some
studies have also found that hydrophilic SLA surfaces show more bone formation
and more potentiated osteogenic effects than standard SLA [9,24]. Those topograph-
ically modified implants have been reported to have high success on survival rates in
clinical trials.

However, many studies have failed to find any significant differences in bone re-
sponses when modified surfaces are compared with one another. Although the hydro-
philic SLA surface in the previous study showed better results in comparison with the
standard SLA, another study reported similar data between the hydrophilic SLA and
oxidized surfaces [38]. Another previous study found no significant in vitro or
in vivo differences between the standard SLA and oxidized surfaces [3]. Many re-
searchers believe that topographical features other than roughness may impact the
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biological response to the implant surfaces, but how these characteristics affect the
response remains unknown. For example, we do not yet know which of the surface mor-
phologies is more biocompatible in bone formation, the honeycomb shape of the SLA
surface (Fig. 3.5) or the volcano-like micropore of the oxidized surface (Fig. 3.7).
Overall, the topographical changes on the Ti implant surface by various modifica-
tion methods induce faster bone healing and osseointegration around the implant
compared to the turned surface. At the cellular level, modified surfaces with higher
Sa than the turned surface stimulate attachment, spreading, and activation of bone cells.
Ti implants with topographically modified surfaces may be advantageous in faster
bone healing at the animal level. Clinically, such implants are considered to be
more adequate in early loading, when compared to the turned implants, although
both the turned and topographically modified implants have been successful in clinical
trials with the conventional loading protocol. The important thing is that, however, the
exact roles of the changed roughness and the other topographical features (including
chemical features), resulting from the surface treatments, are still poorly understood.

3.3 Application of inorganic elements
to implant surfaces

3.3.1 Calcium phosphorus

CaP coating on the Ti surface is thought to make the implant surface bioactive. The
surface is highly osteoconductive to the surrounding bone and it can even be osteoin-
ductive when used with bone morphogenetic proteins. This biocompatibility stems
from the fact that calcium and phosphorus are the main components of the human
bone. Traditionally, the CaP-coated surface is made using the plasma-spraying
method, which is still widely used for CaP coating on the Ti implant surface
(Fig. 3.9). Briefly, hydroxyapatite particles are injected into a plasma flame at a
high temperature of about 15,000—20,000K, and these heated particles are projected
onto the Ti surface [39]. Thus, a CaP coating layer, which is approximately
50—100 pm thick, is formed on the surface. The bone response to the CaP coating
is influenced by the uniformity and crystallinity of the coating layer, as well as by
the calcium/phosphorus atomic ratio (coating composition). Alteration of this ratio
can control the rate of dissolution and degradation of the coating layer in the biological
environment.

Clinically, CaP-coated implants have been shown to be successful and functional in
patients’ mouths over long-term service periods [40,41]. In vivo biomechanical
removal torque and histomorphometrical BIC of the CaP-coated implants have been
reported to be higher than those of the turned and blasted implants, indicating earlier
and more rapid bone formation and osseointegration [42]. However, many concerns
have been raised about this method, including possible delamination and cohesive fail-
ure of the CaP-coating layer. In particular, CaP coating by plasma spraying has been
documented to obstruct bone apposition at the dissolving area and attract inflammatory
cells such as macrophages and multinucleated cells [43,44]. These findings have made
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Figure 3.9 Many hydroxyapatite particles (black arrowheads) are observed on the plasma
sprayed, hydroxyapatite coated surface (Osstem Implant, Busan, South Korea) in scanning
electron microscopic (x5000 magnification).

dental practitioners hesitate to use CaP-coated implants, leading to an investigation
into a coating method that resolves the problems associated with plasma spraying.
The higher osteoconductive property of the CaP-coating layer and stronger osseoin-
tegration behavior of the surrounding hard tissue remain attractive when treating pa-
tients with dental implants, who have limited bone quantity and quality. Thin
coating of the CaP layer has been developed through various processes including sol—
gel deposition and ion sputtering (Fig. 3.10). These methods not only decrease the film

(a) (b)
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Figure 3.10 CaP is layered on the anodized Ti surface by ion beam deposition (Dentium, Seoul,
South Korea). The nanotopographical change by CaP is usually not detected in such a low
magnification scanning electron microscopic (SEM) image (x5000 magnification) (a). The
CaP layer (black arrowheads) is observed in a higher magnification SEM image (x30,000
magnification) (b).
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thickness of the CaP layer but also change the surface topography at the nanoscale
level. Typically, the thickness ranges from 1 to 5 pm. The size of the coated materials
has been reported to be 20—100 nm in some previous studies [45,46]. The CaP-coated
surface modified at the nanometer level has shown better osseointegration, higher
bioactivity, and superior histomorphometric results, when compared with uncoated
surfaces [32,45,47.48]. A dental implant modified by CaP nanocoating on a minimally
rough etched Ti surface (NanoTite, Biomet 3i, Palm Beach Gardens, FL, USA) is
commercially available.

Modified surface topographies at the nanoscale level are expected to promote
protein adsorption and enhance the adhesion of bone forming cells in the early
bone response. However, the benefits and effects of these nanomodifications are
not yet fully understood at the level of cells or tissues when compared to their coun-
terparts at the microscale level. Also, the optimal size and distribution of the nano-
particles and their application in implant surfaces remain unclear. In addition, the
limitations of surface modification at both the nanoscale and microscale should be
noted. Even the bioactive coating such as CaP has demonstrated disastrous failure
in clinical use when the material was coated on the surface of the cylinder-shaped
Ti dental implant. After the geometry of the implant was changed from a cylinder
shape to a screw shape at the macroscale, this bioactive coating was successful
for long-term clinical use.

3.3.2 Fluoride treatment

Fluoride (F) has a specific attraction for calcium and phosphates, which are the major
elements of the human bone. The Ti surface is reduced on a cathode, when the Ti sur-
face is immersed into a hydrofluoric acid solution at a low concentration. The reduc-
tion reaction of the Ti surface allows the attraction of F ions on the Ti surface. This
surface is called an F-modified surface. In the market of dental implants, only Osseo-
Speed (Astra Tech, Dentsply, Waltham, MA, USA) uses an F-modified surface.
Hydrogen fluoride at a low concentration is applied on Ti surface blasted with Ti
dioxide particles. Such an F reduction results in the incorporation of F into Ti dioxide
without the significant change of the blasted surface micro-structure. The roughness of
OsseoSpeed surface is about 1.5 um in §,, which makes it moderately rough
(Fig. 3.11). X-ray photoelectron spectroscopy detects trace amounts of F on the sur-
face, whereas energy dispersive spectroscopy finds no F content on the surface [25,49].

Fluoride is thought to act primarily on osteoprogenitor cells and undifferentiated
osteoblasts, but not on differentiated osteoblasts. It increases growth factor synthesis
in these cells and facilitates their differentiation into osteoblasts [50—52]. The nucle-
ation ability of calcium and phosphate ions is improved on the F-modified surface
[53]. Thus, F may enhance the bone formation and accelerate early bone response
to the modified implant surface. Several in vitro cell tests have shown that the
messenger RNA expression levels of various osteogenic marker genes increase on
F-modified Ti surfaces [53]. There have been in vivo animal experiments indicating
accelerated bone formation and mineralization on the F-modified surface compared
to its predecessor, the Ti dioxide-blasted surface without F modification [53—55].
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Figure 3.11 The F-treated surface is shown (OsseoSpeed, Astra Tech, Dentsply, Waltham, MA,
USA). The surface is F treated after it is blasted with Ti dioxide particles. Therefore, the
scanning electron microscopic image is similar to that of the Ti dioxide—blasted surface
without further F modification (x5000 magnification).

Clinically, F-modified implants are successful, with 5-year survival rates higher than
95% in early loading [56,57].

The F-modified surface is considered to be bioactive because it, similar to a CaP-
coated surface, has stronger interaction with the bone at the bone—implant interface
than a topographically modified surface. The F-modified surface probably exhibits
the compounding effects of modified topography and chemistry. The F-modified sur-
face forms strong osseointegration that is very difficult to dismantle; cutting between
the bone and implant sides is significantly harder than in the original surface without
further F modification. However, it is interesting that the advanced quality observed
between the newly developed surface and its predecessor is not easily found when
this new surface is compared with other topographically modified surfaces. For
example, some in vivo studies have found no significant differences in histomorphom-
etry when the F-modified surface is compared with the oxidized Ti surface or with the
SLA surface [49,58]. Likewise, a previous in vivo study concluded similar early bone
responses between the CaP-coated and the blasted surfaces [33]. The chemical effects
of these bioactive inorganic elements on bone responses should be further investigated.

3.4 Application of organic compounds
to implant surfaces

Extracellular matrix proteins adsorb to the implant surface during hemostasis when the
implant is inserted into the bone. Some of the extracellular matrix proteins are involved
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in the adhesion of bone forming cells. Osteoblasts have transmembrane proteins that
recognize the adhesion molecules such as fibronectin, vitronectin, and laminin. In
particular, one of these transmembrane proteins, integrin, is well studied. The binding
of integrin to an extracellular matrix protein is known to be an important mechanism
by which osteoblasts interact with the extracellular matrix, and this interaction controls
cell morphology, proliferation, and differentiation [59]. Cell adhesion and subsequent
cell signaling and interaction for bone healing occur through those transmembrane pro-
teins. The bone response is accelerated if the adhesion proteins are coated on the
implant surface because bone healing begins with the attachment of osteogenic cells
on the surface. Another idea that has been explored is using the small binding units—
functional peptides—for coating on the implant surface, if the amino acid sequences of
the peptides are known. This is preferable to using whole proteins as the proteins are
large and multifunctional, which can provoke undesirable immune responses in the
host and make cellular reactions difficult to control. These adhesion molecules on
the implant surface bind to the receptors (transmembrane proteins) of osteoblasts
and the intracellular events for cellular activation are triggered (Fig. 3.12).
Functionalized Ti surfaces coated with the RGD peptides show higher histomor-
phometric values, indicating accelerated osteogenesis when compared with uncoated
Ti surfaces [60,61]. Recently, two functional peptides contributing to cell adhesion

DLTIDDSYWYRI

IP3
pathway

Figure 3.12 A proposed mechanism about the intracellular triggering for cell adhesion by the
functional peptide, DLTIDDSYWYRI. This functional peptide binds to the syndecan-1, a
transmembrane proteoglycan (1). Then, the PKC3-mediated inositol triphosphate pathway (2)
promotes the cell attachment. The protein designated with question mark (?) remains unknown
at present. PKCo, protein kinase C9; IP;, inositol triphosphate.
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have been found from human laminin [18,19]; one is a dodecamer (12-amino acid
sequence; DLTIDDSYWYRI) and the other is a nonamer (nine-amino acid sequence;
PPFEGCIWN). These peptides also actively bind to bone forming cells and the mech-
anism by which these peptides trigger intracellular cascades has been hypothesized
(Fig. 3.13). The dodecamer has been found to overwhelm the topography and chem-
istry of the underlying Ti surface in the activity of bone cell attachment, although both
the implant surface structure and the coating organic compounds are known to affect
cellular and tissue responses [18,53].

Cytokines, especially growth factors, are another category of biomolecules that can
enhance the bone formation. One candidate that is clinically available in dental implan-
tology is the bone morphogenetic protein (BMP) family. Human recombinant BMP-2
(rthBMP-2) is currently used clinically. Some studies have found that rhBMP-2—
coated implants accelerate the bone formation in vivo [62—64]. However, a cytokine
is not an adhesion molecule and a BMP cannot be effective in its coated form because
its bone healing effect is a result of its free floating action in the tissue microenviron-
ment. A previous study reported that BMP-2 directly applied to osteoblastic cells was
sufficient to promote cellular adhesion to Ti surfaces by increasing the expression of
adhesion molecules [65]. BMPs are temporal signals and have complicated biological
effects, depending on their concentration and the condition of surrounding tissues.
Some studies have reported conflicting results about BMP-2 that indicated osteolysis
or negative effects on osteogenesis around BMP-2—treated implants [64,66,67].
Another consideration is that BMP-2 is not easy to directly coat onto Ti surface.
Some studies have used BMP-2 as a free form [66,68], whereas others have evaluated
coated BMP-2 after the base Ti surface was modified by CaP coating, anodic oxida-
tion, or applications of other growth factors, where the effects on bone responses
were mixed [62,63,67].

To provide the bone healing site with more biomimetic environment, a growth
factor can be combined with an adhesion molecule-coated Ti surface. One study pro-
posed that the bone induction effects of an adhesion molecule are possible in the
presence of BMPs [69]. A Ti surface functionalized with adhesion molecules and
nanocarriers has also been considered, wherein nanocarriers contain growth factors,
releasing them as free forms after implant insertion. In this method, the initial bone
responses and the subsequent bone remodeling phase can be manipulated by control-
ling the time of release of the bioactive molecules. Although these biologically modi-
fied Ti surfaces have not yet been introduced clinically, they are expected to be in the
near future.

3.5 Concluding remarks

Sometimes, it is said that the research of surface modification for dental implantology
is no longer necessary because existing implants have shown long-term success rates
over 90—95%, which are very high compared to those of other grafting surgeries.
However, humans have 28 permanent teeth, which should not be overlooked. Imagine
that a dental clinician has 10 patients, each of whom has been treated with 10 implants
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Figure 3.13 This hypothetical mechanism for the two laminin-derived bioactive peptides is based on a probabilistic interpretation of allostery.
The black horizontal line means that the Gibbs-free conformational energy difference (AG) is zero. The lower, the more stable energy state is below
the line. The brightness and the shining degree (red lines) of protein kinase C3 (PKC39) indicate how much this enzyme is activated. Various
conformational energy states are assumed when the functional peptides bind to the transmembrane proteins that have tunable sensitivity for PKC3
phosphorylation. PKC3 can be reversibly activated even if the peptides do not bind to their receptors. That is, equilibrium is reached between
the inactive (the most left state) and active states when neither of the peptides binds to transmembrane receptors. However, such activated states are
probably very difficult to maintain because their free energy states are still high. When either PPFEGCIWN or DLTIDDSYWYRI or both bind to the
receptors, circumstances become different. The bound forms stabilize the conformations significantly, increasing the probabilities of the active states.
Finally, the increased number of the active states effectively trigger the intracellular events via the transmembrane proteins, promoting cell adhesion.
1P;, Inositol triphosphate; Ca”, calcium ion; (?), unknown protein.
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for his/her missing teeth, assuming that the implant has a 10% failure rate. In total, 100
implants have been inserted and 10 implants will statistically fail. Therefore, all of the
10 patients will visit the dental office for one failed implant of each patient in the worst
case. This is a very embarrassing situation. Efforts to develop more biocompatible
dental implants should be still made to increase long-term clinical success rates.

There are a number of surface modifications for Ti dental implants. This chapter has
explored some representative modified surfaces. It is clear that those modified surfaces
demonstrate faster and stronger osteogenic responses than the original commercially
pure Ti turned surfaces. It is unclear, however, that one modified surface is more
biocompatible for bone healing in comparison with another modified surface, although
the topographical and chemical features of the surface influence the biologic responses
to the surface. This chapter describes the bone healing process, including hemostasis,
inflammation, proliferative phase, remodeling, and their substeps. The key information
about which step is the most critical for accelerated bone formation remains missing.
There is now a growing field of research on osteoporotic patients and their therapies
and our knowledge about bone physiology is expanding. It may be possible to find
an effective modified surface through related research.

The surface modifications that this chapter describe focus mainly on microstruc-
tures. The microstructural modification changes cell behavior around the modified sur-
face, but it has its own limits. For instance, such a modified surface cannot avoid
implant failure resulting from shear force due to the occlusal load on the bone—implant
interface. This type of failure can be bypassed by providing the implant macrodesign
with threads, which convert shear force into compressive force that the bone—implant
interface endures much better. Surface characteristic is just one of all the six key fac-
tors for the clinical success of a dental implant. Researchers should consider both the
implant macro- and microstructure to better understand clinical bone response to the
dental implant.

Recently, researchers have investigated the effects of nanolevel surface structure
and chemistry on biologic responses to dental implantation. CaP nanocoating, modi-
fications adding Ti dioxide nanotubes to the surface, and other strategies are being
tested. At the molecular level, functional peptides, adhesion molecules, and growth
factors are being applied on the Ti surface to control the bone response. Such control
at the nanoscale level is expected not only to boost bone formation reactions around
the modified surface, but also to manipulate the bone response at certain time points
(early or late) of bone metabolism if those molecules are appropriately combined.
However, the clinical use of novel materials as Ti surface modifiers requires support-
ing data from large, prospective clinical studies or clinical trials, which have not yet
been performed.
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4.1 Introduction

The success of dental implant depends, in part, on the quality of the material used to
make the implant, its manufacturing routes, mechanical properties, biological stabiliza-
tion, and biocompatible surface coating. Biocompatibility of the implant with body and
bone tissue is essential to allow adequate new bone adaptation to the implant surface.
Titanium and its alloys have arisen as adequate materials that fulfill those requirements,
that is, good mechanical strength and bioinertness when implanted. Geometry and sur-
face topography are crucial for the short- and long-term success of dental implants.
Implant surfaces have been developed in the last decade in a concentrated effort to pro-
vide bone in a faster and improved osseointegration process [1]. Dental implant quality
depends on the chemical, physical, mechanical, and topographic characteristics of the
surface. These different properties interact and determine the activity of the attached cells
that are close against the dental implant surface. Dental implants have been designed to
provide textures and shapes that may enhance cellular activity and direct bone apposi-
tion. Osteogenesis at the implant surface is influenced by several mechanisms. A series
of coordinated events, including cell proliferation, transformation of osteoblasts, and
bone tissue formation might be affected by different surface topographies. Moreover,
their surface can be modified to improve fixation by direct bonding with bone [2].
Chemical methods have been applied to induce the formation of bioactive apatite
nucleation points on the titanium surface [3], but the most extended method clinically
used to enhance the adhesion of implants is the application of bioactive ceramic coat-
ings on their surface [4]. These coatings provide the interface to which leaving tissues
can attach, avoiding the formation of a fibrous capsule that can cause failure of the
implant. The ceramic coating of metallic implants functions as a transition layer be-
tween the bone tissue and the metal surface, enhancing the contact and conducting
bone growth along the surface of the implant. Calcium phosphate (CaP) ceramics,
particularly hydroxyapatite (HA) and tricalcium phosphate (TCP), have received
much attention as implant coating materials and are widely used in dentistry due to
their excellent biocompatibility properties. Techniques, such as sputtering [5,6], enam-
eling [7,8], electrophoretic deposition (EPD) [9,10], or solgel [11,12], have been used
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to produce bioactive coatings. Among them, pulsed laser deposition (PLD) of bioac-
tive glass has arisen as a very interesting alternative to coat metallic substrates for im-
plantation [13] due to the high adhesion of the coatings to the metallic substrates and
absence of contamination and porosity [14]. Reports showed that nanometer-sized HA
coatings on electropolished surfaces can result in approximately 300% more bone-to-
implant contact when compared to noncoated electropolished surfaces [15].

4.2 The bone implant interface

A systematic review concluded that there was a positive correlation between surface
roughness and bone-to-implant contact [16]. As a consequence, over the last 30 years,
various surface modification techniques have been introduced, including blasting,
etching, oxidizing, titanium (Ti) plasma spraying, and incorporation of HA or other
forms of CaP [17]. CaP has been investigated extensively because of its biocompatibility
and mineral chemistry, which resembles those of the human bone [ 18]. As a coating ma-
terial, CaP has been widely applied to titanium implants. HA-coated implants showed
faster healing and bone attachment compared to noncoated implants [19,20]. CaP-coated
implants also showed excellent clinical outcome when implanted in fresh extraction
sites, grafted maxillary sinuses, and areas with poor bone quality [21,22].

The quality of the bone implant interface is determined by the quantity of the
implant surface in intimate contact with the mineralized bone tissue as well as the
mechanical quality of the bone tissue around the interface. Two interfaces contribute
to mechanical implant fixation: the implant-coating interface and the coating-bone
interface. Regarding the implant-coating interface, the mechanical properties of the
coating and the bonding strength to the metal substrate are important. The bond
strength of the implant-coating interface could be reduced due to the disintegration
of the coating [23]. Recrystallization of the amorphous phase in CaP coatings also
might result in stress accumulation leading to reduced strength [24]. The rate of resorp-
tion of the coating also influences the bond strength between bone and implant [25].

The coated surface of the titanium implant plays a crucial role in determining the
biological response of the bone [26]. The CaP coating generally alters the surface prop-
erties, including morphology, physicochemical composition, and surface energy [27].
Although the surface alterations, such as the roughness, have improved the outcome of
osseointegration, the exact mechanism is poorly understood [19]. This could be due to
the topographical alterations, fabrication-related changes in surface composition, or
changes in the wettability characteristics [28]. It is well established that the CaP-
based coating of titanium favors the bone response compared with the uncoated
titanium [25,29,30].

The adsorption of biomolecules and the subsequent interactions of cells on an
implant surface determine the fate of the implant. The rough topography generally in-
creases the surface area of the implant adjacent to the bone and improves the cell adhe-
sion to the surface, thereby enhancing the bone-to-implant contact and biomechanical
integrity. The CaP-based surfaces bind more attachment proteins, such as fibronectin
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and vitronectin, for the integrin-mediated binding action of osteoprogenitors compared
with titanium surfaces [31].

CaP-based coatings on titanium implants are now accepted as suitable for
enhancing the bone formation around implants and thus improving the clinical success
at an early stage after implantation. The biological interface reactions can be summa-
rized as follows [32].

Dissolution of CaP-based coatings,

Reprecipitation of apatite,

Ion exchange accompanied by absorption and incorporation of biological molecules,
Cell attachment, proliferation, and differentiation,

Extracellular matrix formation and mineralization.

NE b=

The dissolution of HA coating is a key step to induce the precipitation of bone-like
apatite on the implant surface.

4.3 Methods of calcium phosphate coating

The addition of calcium- and phosphorous-based materials as coatings has received
significant attention because these elements are the same as the basic components of
the natural bone and coatings can be applied along the implant surfaces by various in-
dustrial processing methods [33]. The osseointegration of the dental implant with
plasma-sprayed HA is faster than uncoated implants. In vivo studies on rabbit femoral
condyles have demonstrated a higher level of osseointegration for the HA-coated sam-
ples compared to the uncoated ones. Bone maturation was reported to be more signif-
icant at the bone—implant interface and coating of titanium with HA led to improve
maturation of the newly formed bone tissue [34]. These observations were attributed
to the presence of porous HA in the coated samples. Due to the high biocompatibility
and osteoconduction of CaP materials, they have been widely used for different hard
tissue applications such as HA-coated metallic implants and bone substitute materials.

CaP coating may undergo extensive dissolution in tissue fluids and demonstrate
rapid breakdown around the implant surface [35]. Various coating methods have
been tried to achieve optimal quality of the bone implant interface (Fig. 4.1). Each
of the techniques has its own technical limitations, and so far, an optimal method
for producing a bioactive coating with high bonding strength on an implant remains
to be developed.

Several techniques have been used to create the HA coating on metallic implants,
such as plasma spraying process, thermal spraying, sputter coating, pulsed laser
ablation, dynamic mixing, dip coating, solgel, EPD, biomimetic coating, ion-beam-
assisted deposition (IBAD), and hot isostatic pressing.

4.3.1 Plasma sprayed coatings

Plasma-sprayed HA coatings were introduced in the 1980s and are the most frequently
used method for clinical application of CaP coatings [26]. The implant surface is
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Figure 4.1 Titanium implant without any surface modification (a). An anodized titanium
implant (b) and a CaP-coated titanium implant (c).

roughened by grit-blasting, shot peening, or etching before plasma spraying. The
plasma spraying process is very critical for the coating quality and several parameters
have to be controlled, including the purity and the crystallinity of the HA used [36].
The coating crystallinity depends on the particle temperature in the plasma flame,
particle position within the flame, the flame velocity, residence time in the flame,
and particle size. It also changes with the distance between spray gun and substrate.
The stability of the melted powder in the plasma is determined by its chemical compo-
sition. The heat treatment has shown to improve bonding strength by further diffusion
of the coating into the substrate surface [37]. Other plasma spraying methods such as
vacuum plasma spraying and high velocity flame sprayed coatings produced coatings
with good adhesion strength and fewer pores [38,39]. Even though these methods pro-
duce coatings with good adhesion strength and fewer pores, they might overheat the
metal substrate, thereby changing its mechanical properties.

4.3.2 Thermal spray coating technique

Thermal spray technology is a coating process that provides functional surfaces to pro-
tect or improve the performance of a substrate or component. Thermal spraying of CaP
on the implant devices can be compared with plasma spray-coating technique, having
the advantage of high deposition rate and low cost [40]. Thermal spray technique has
the ability to produce HA layer with thickness from 30 to 200 pm depending on the
coating condition However, films deposited by thermal spraying suffer from poor
coating—substrate adherence and nonuniform crystallinity, which reduce the lifetime
of implants [23, 41]. The thermal spray coating requires high sintering temperature,
which may result in crack propagation on the surface of the coating [41].
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4.3.3 Solgel coating

The solgel method represents a simple and low-cost procedure to deposit thin coatings,
with homogenous chemical composition onto substrates with large dimensions and
complex design. The high mechanical strength and toughness of titanium alloys are
the most important advantages over bioactive HA ceramics. A system that joins both
materials has the mechanical advantage of the underlying (metallic) substrate and bio-
logical affinity of the HA. Coating of metallic implants with bioactive materials, such as
HA, may accelerate bone formation during initial stages of osseointegration, improving
implant fixation [42]. Thin HA film on titanium substrates can be prepared using solgel
[11] or electrophoresis techniques [43]. The solgel and electrophoresis methods are
capable of improving chemical homogeneity in the resulting HA coating to a significant
extent when compared to conventional methods, such as solid state reactions, wet pre-
cipitation, and hydrothermal synthesis [44]. These methods are also simple and less
expensive than the plasma-spraying method that is widely used for biomedical applica-
tions. In vivo bone tissue evaluations of surfaces modified using the solgel method have
shown better osseointegration, with no adverse reaction [12,45]. However, the behavior
of solgel modifications of loaded osseointegrated implants in the long term remains
unknown.

4.3.4 Sputter deposition

This technique involves the vaporization of atoms or molecules from a solid surface
by momentum transfer from bombarding energetic atomic-sized particles. These par-
ticles are ions of a gaseous material accelerated in an electric field. Physical sputter-
ing can be divided into a number of methods, including radiofrequency (RF)
magnetron sputtering and high-energy ionic scattering. A common drawback
inherent in all these methods is that the deposition rate is very low and the process
itself is very slow [46]. The deposition rate is improved by using a magnetically
enhanced variant of diode sputtering, known as radio frequency magnetron
sputtering.

Magnetron sputtering: Magnetron sputtering is a viable thin-film technique as it
allows the mechanical properties of titanium to be preserved while maintaining the
bioactivity of the coated HA. Films were deposited in a custom-built sputter deposi-
tion chamber at room temperature. This technique shows strong HA titanium bonding
associated with outward diffusion of titanium into the HA layer, forming TiO, at the
interface [47].

RF sputtering: RF magnetron sputtering is largely used to deposit thin films of CaP
coatings on titanium implants. RF magnetron sputtering is a very suitable technique to
deposit standardized CaP coatings on titanium substrates. The advantage of this tech-
nique is that the coating shows strong adhesion to the titanium and the CaP ratio and
crystallinity of the deposited coating can be varied easily. Studies in animals have
shown higher BIC percentages with sputter-coated implants [48,49]. Studies have
shown that these coatings were more retentive, with the chemical structure being pre-
cisely controlled [50].
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4.3.5 Pulsed laser deposition

PLD technique has evolved as an alternative and added advantage of preservation of
stoichiometry of target phase. PLD is very promising for coatings of bioactive glass on
implant metals. The PLD technique involves three main steps: ablation of the target
material, formation of a highly energetic plume, and the growth of the film on the sub-
strate. PLD technique also possesses the ability to form desired film thickness,
morphology, and composition by varying the deposition parameters. This method
additionally provides deposition of different target materials of unique physicochem-
ical and biological properties over single substrate for functionally graded coatings
[51,52]. The process ensures the titanium surface with increased hardness, corrosion
resistance, and a high degree of purity with a standard roughness and thicker oxide
layer [53,54]. Biological studies evaluating the role of titanium ablation topography
and chemical properties showed the potential of the grooved surface to orientate oste-
oblast cells attachment and control the direction of ingrowth [55].

4.3.6 Dip-coating technique

HA can be homogenously coated onto metal substrates to obtain coating thickness in
the range of 0.05—0.5 mm. The technique allows uniform coating of HA on the metal
surface. In addition, the processing time for dip coating is short and can be used for
substrate with complex shapes. The coating layer is deposited on the surface of the
substrate without decomposition or reaction with the metal substrate [56]. A highly
porous surface with bonding strengths of more than 30 MPa can be obtained with
this technique [57].

4.3.7 lon beam assisted deposition of CaP

IBAD method is used in CaP coating. With this method, the dissolution rate of the CaP
coating has decreased remarkably, whereas the bonding strength between the layer and
Ti substrate has increased [58]. An atomic intermixing layer is formed between the HA
coating and Ti substrate during the IBAD method and this chemical bonding may
enhance the interfacial adhesive bonding strength [59]. Studies have shown that
implants coated with CaP by the IBAD method showed a higher bone-to-implant con-
tact ratio compared to blasted surface implants and machined surface implants [60].
Better biocompatibility and contact osteogenesis have also been reported [35]. Bone
defects adjacent to implants coated with IBAD CaP showed better bone response in
resolving them [35,61].

4.3.8 Electrophoretic deposition

EPD is a process in which particles in a suspension are coated onto an electrode under
the effect of an electric field. A good degree of controlled coating can be achieved by
regulating the deposition conditions and the ceramic powder size and shape for obtain-
ing a coating thickness from 1 mm to more than 100 pm thick [62]. A uniform thin
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coating of HA on titanium with good mechanical strength can be obtained with EPD
hydroxyapatite [63]. EPD of HA can be processed at room temperature or lower,
which avoids problems related to formation of amorphous phases. One of the draw-
back is the development of porosities, which may later on lead to corrosion and delam-
ination of the titanium caused by penetration of body fluids into the substrate. Even
though post-treatment high temperature sintering can be utilized to minimize the
porosity by increasing the coating density, chances of formation of cracks in the
coating can occur due to the difference in the thermal expansion coefficients [64].

4.3.9 Hot isostatic pressing technique

Hot isostatic pressing (HIP) is a method of producing a HA coating on a Ti substrate
using pressure to exert the required load at the desired temperature. The advantages of
HIP are better temperature control as compared to uniaxial hot pressing, and a resultant
homogeneous material structure and properties. The reduced sintering temperature en-
ables control or even avoidance of grain growth and undesirable reactions. HIP tech-
nique is useful in reducing the porosity and improving the physical and mechanical
properties of ceramic coatings [65].

4.3.10 Biomimetic precipitation

Biomimetic HA deposition is mimicking the natural process of remineralization of
HA, but without involving the cellular and organic levels. Because the biomimetic
HA coatings have a low degree of crystallinity and porous structure, their solubility
is higher than the dense hydroxyapatite coatings deposited with other methods [66].
The crystallized titanium oxides induce bone-like HA on its surface, which can be hy-
pothesized as an important early step for osseointegration. The deposition of biomi-
metic hydroxyapatite on titanium oxide surfaces, acting as a bonding layer to the
bone, might improve the bone-bonding ability and enhance the biological responses
to bone-anchored implants. The biological benefits of biomimetic HA and the possi-
bilities to use them as coatings on titanium implants for improved response have
been reported [67].

4.4 Surface coating and peri-implant wound
healing process

Even though a high level of success has been achieved with dental implants, there is
still scope for improving the osseointegration phenomenon through promoting oste-
oblast differentiation and proliferation as well as reducing the healing period.
One approach to enhance osteoinductivity is to modify the implant surface to mimic
the natural structure of tissue, namely, a biomimetic approach. Better communication
between cells and extracellular matrix components is crucial for the maintenance
and regeneration of relevant tissue (Fig. 4.2). The extracellular matrix governs
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Figure 4.2 Illustration showing the cellular phenomena at the implant—bone interface during
the healing of the implant.

various cellular events of osteoblasts, including cell adhesion, proliferation, and
differentiation [68].

There are three major stages, which are involved in direct healing: woven bone for-
mation, adaptation of bone mass to load, and adaptation of bone structure or bone
remodeling [69]. Osteoconductivity and osteoinductivity are two key processes of
the formation of the new bone. Osteoblasts and osteoclasts are the main cells involved
in remodeling of bone, osteoblasts lay down bone matrix, whereas osteoclasts are
involved in resorbing the bone tissue.

Osteogenic factors have been applied with success in the bone implant interface
[70]. CaP, including HA, coatings have been proposed to enhance bone integration
of metal implants [71]. Stimulation of new bone formation around CaP-coated im-
plants is based on dissolution of the coating soon after implantation followed by for-
mation of a bone-inductive carbonated CaP layer (Fig. 4.3). The biological advantages
of these coatings include the enhancement of bone formation and accelerated bonding
between the implant surface and the surrounding bone (Fig. 4.4) [72,73].

CaP coatings have osteoconductive properties, which enhance the bone formation
at the implant—bone interface. A carbonated apatite layer is generated at the surface
between the coated implant and bone. The formation of this layer is by the local degra-
dation of the CaP surface followed by secondary crystal growth between the artificial
HA and the bone. Moreover, reprecipitation might occur leading to a physicochemical
bonding mechanism [74,75]. It has been hypothesized that bone formation on CaP
coatings is due to selective adsorption of serum protein to the surface, which might
be responsible for enhanced osteoblast adhesion [76]. The cascade of events has
been suggested, which involves early formation of an afibrillar globular calcified layer
on the implant surface produced by osteoblasts, to be crucial for bonding of the bone to
the implant surface. This layer fuses to form a homogenous line analogous with cement
lines or lamina limitans with which collagen fibers become incorporated. Formation of
carbonate-containing apatite crystals has been observed in both the bone and
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(b)

Figure 4.3 Microcomputed tomography (CT) images showing the bone implant contact around
HA-coated (a) and noncoated titanium implants (b) installed (8 weeks healing) in the tibia of
beagle dog. Three-dimensional images were generated from micro-CT data for both titanium
implants and HA-coated implants.

(a)

Figure 4.4 Histological section of the HA-coated titanium implant (a) and noncoated titanium
implant (b) installed in the mandible of dog. Note the dense bone HA coated around the
implant (hematoxylin and eosin and basic fuchsin stained, magnification objective x10).

extraskeletally, whereas the true bone formation as characterized histologically has
only been demonstrated in bony sites.

A comparative study of the HA-coated and uncoated implants in the femoral con-
dyles of dogs showed that the coated implants were able to help in bridging a gap of
1—2 mm [77]. Several other studies also showed significantly higher bone formation
than uncoated implants [72,78]. The biomimetic-coating deposition aids in producing
a homogeneous coating and because the CaP is deposited under physiological
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temperatures it is possible to incorporate functional biological agents, such as growth
factors. The CaP ratio and coating thickness can be varied, and the structure of the
formed crystals is more akin to the bone mineral than that produced in conventional
ways [79,80].

4.5 Factors influencing the coated implant
bone interface

Biomechanical and biochemical anchorage mechanisms are involved in the bone—
implant interface bonding. Biomechanical binding is when the bone ingrowth occurs
into micrometer-sized surface irregularities. Biochemical bonding occurs with certain
bioactive materials showing primarily a chemical bonding, with possible supplemental
biomechanical interlocking. The advantage with the biochemical bonding is that the
anchorage is accomplished within a relatively short period of time, whereas biome-
chanical anchorage takes weeks to develop [81]. CaPs are widely used osteoconduc-
tive materials in coating implant surface. Coating of titanium implants with CaP
increases the surface area, biocompatibility, and osteoconductive effect that favors
cellular activity, thereby enhancing osseointegration.

The bioinorganics can modulate angiogenesis to accelerate healing, induce osteo-
genic differentiation, stimulate osteoblast proliferation, and control the resorptive activ-
ity of osteoclasts. Calcium induces platelet activation and release of their intragranular
content. At calcium-modified implant surfaces, these platelet-derived factors may create
a concentration gradient of chemoattractants for mesenchymal and osteoprogenitor cells
and stimulate their activity [82,83]. Calcium is present abundantly at the implant—bone
interface, not only in the mineral structure but also incorporated to the anionic residues
of the acidic noncollagenous proteins that constitute the first layers of osseointegration
[84]. The calcium on titanium surfaces alters the electrical characteristics of the surface
and thereby the composition of the adsorbed biofilm [85].

The integration of bone-to-implant interface in a coated implant is influenced by the
following factors:

» Surface morphology
* The chemical composition and CaP ratio
* Phase composition and structure

4.5.1 Surface morphology/surface topography

Surface topography plays a crucial role in osseointegration. By modifying the character-
istics of the Ti surface, biocompatibility can be improved, faster osseointegration can be
provoked [86]. The dynamics of cell populations and of the biomolecules that drive to
regeneration around implants are strongly influenced by the implant surface roughness
[87]. Commonly, implant surface roughness is divided, depending on the dimension of
the measured surface features, into macro-, micro-, and nanoroughness. Typically, these
different roughness features are related to distinct effects during wound healing and
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osseointegration (Fig. 4.5). A moderately roughened surface (1.0—2.0 um) results in a
stronger bone response than smoother or rougher surfaces. Microrough surfaces have
been generally interpreted as biocompatible with limited ability to directly affect the
initial fate of surrounding tissues, that is, the ability to enhance the bone formation or
to prevent bone resorption [88]. Several methods have been developed to create surface
roughness, such as titanium plasma-spraying, blasting with ceramic particles, acid
etching, and anodization. Creation of nanoscale topographies plays an important role
in the adsorption of proteins, adhesion of osteoblastic cells, and thus the rate of osseoin-
tegration [89]. However, reproducible surface roughness in the nanometer range is
difficult to produce with chemical treatments. The optimal surface nanotopography

(a) TV v (b)

Figure 4.5 Micrographs showing the appearance of the titanium implant (a), implant having
PLD deposited HA (c), scanning electron microscope (SEM) image (x3000) of bare titanium
surface before coating (b), SEM image (x3000) of titanium implant with HA (d).
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helps in the selective adsorption of proteins leading to the adhesion of osteoblastic cells
and rapid bone apposition [88].

CaP-derived coatings, have been widely documented, and several experimental
studies have suggested that bone integration may occur faster around an implant coated
with CaP [25]. Calcium induces platelet activation and release of their intragranular
contents. These platelet-derived factors may create a concentration gradient of chemo-
attractants for mesenchymal and osteoprogenitor cells at the coated surface and stim-
ulate their activity [83,90]. The platelet activation and subsequent clot formation
provide the biochemical cues and the mechanical structure for the recruitment of oste-
ogenic cells and the generation of an osteoconductive microenvironment. The calcium
is present at the implant—bone interface in the mineral structure and incorporated to the
anionic residues of the acidic noncollagenous proteins constituting the first layers of
osseointegration [84]. The presence of calcium on titanium surfaces alters the electrical
characteristics of the surface and thereby the composition of the adsorbed biofilm [85].
Clinically, an implant that has a thin CaPO, coating on the acid-etched surface yielded
a stronger bone response than the etched surface alone [91].

4.5.2 The chemical composition and CaP ratio

CaPs can exist in different phases depending on temperature, impurities, and the pres-
ence of water. All CaPs do not have similar bioactivity and degradation behavior,
which generally depend on the CaP ratio, crystallinity, and phase purity. Among the
various CaPs, HA and B-TCP are the most commonly used phases because of their
osteogenic property and the ability to form strong bonds with host bone tissues. Sol-
ubility of B-TCP is much higher than HA, and thus B-TCP is termed a bioresorbable
ceramic [92,93]. The degradation process of CaP can be controlled by the development
of biphasic CaP—based biomaterials consisting of HA and B-TCP [94].

The implant surface differs based on the surface treatment, the chemical composi-
tion, and the charges on the implant surface. The chemical composition of a surface
layer might influence different in vivo reactions such as reactive bond formations. Pro-
tein adsorption occurs immediately upon implant contact with the biological environ-
ment and surface properties, such as surface energy and wettability, which are pivotal
parameters determining the final composition of this adsorbate [95]. The binding of
proteins to the implant surface and the subsequent cell reactions could be influenced
by the continuous exchange of water and various ions [96]. The composition and
charges are critical for protein adsorption and cell attachment. Highly hydrophilic sur-
faces seem to be more desirable than hydrophobic ones because of their interactions
with biological fluids, cells, and tissues [97—99].

4.5.3 Phase composition and structure

Melting of the hydroxyapatite occurs within the plasma stream, and when the particles
impact on the cooler metallic substrate, a range of disordered CaP phases are formed
possessing differing biologic dissolution kinetics, which favor both short- and
long-term osseointegration. These phases include predominately amorphous CaP,
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B-TCP, and HA. The reported relative biological solubility of these compounds varies
with the composition. The dissolution rate of various forms is not only related to crystal
chemistry, but also affected by physical parameters such as the size of melted splats, the
amount of porosity within the coating, the presence of thermally induced cracks, pits or
other defects, and the coating’s crystallinity [100]. An enhanced level of bone growth
occurs when the coating contains a higher percentage of the amorphous phase.

4.5.4 Coating dissolution of HA

The success of a coated implant depends on the stability of the coating. Stability of the
coating is controlled by its physical and mechanical properties such as crystallinity,
phase composition, dissolution characteristics, coating thickness, and coating strength
[101]. Chemical resorption and dissolution of the coating are two non—cell-mediated
processes that contribute to the overall loss of the HA coating during service. CaP
coating may undergo dissolution in tissue fluids and demonstrate breakdown around
the implant surface [102,103]. The resorption of HA coating in clinical scenario hap-
pens mainly due to the dissolution at neutral pH, and osteoclastic resorption of the
coating as part of normal bone remodeling [35,104]. Even though partial dissolution
of the HA coating is essential to trigger bone growth, rapid dissolution leads to
poor bone bonding and coating disintegration [105]. The bioactive property of a
CaP coating is a direct consequence of the dissolution and reprecipitation process,
which occurs in vivo. The formation of biological apatite resulting from surface reac-
tions is believed to lead to the chemical bonding between the implant and bone.

Dissolution of the coating occurs due to the presence of extracellular fluid and the
rate of dissolution is influenced by the presence of cracks and voids in the coating. A
study showed that the resorption rate of HA coatings in the human trabecular bone is
approximately 20% of the coating thickness per year [106]. The extracellular fluid in
contact with the coated implant could generate progressive crystallization of amor-
phous phases, resulting in stress accumulation within the coating. This stress accumu-
lation at the implant-coating interface results in instability of the coating and
subsequent delamination [24]. The composition of the coating also influences the
chemical resorption. The amorphous form of HA or TCP phases has a greater chance
of dissolution compared to the crystalline HA phases [107].

With substitution and doping of elements to the CaP coating as well as application
of current coating methods, the dissolution and resorption issues can be resolved.
Further research is underway to optimize the process for creating the ideal bioactive
coating over the titanium surface [26].

4.6 CaP coating as drug delivery system

Biomimetics is a potential way to prepare surfaces that provide a favorable bone tissue
response, thus enhancing the fixation between the bone and implants. The biological
performance of CaP coating can be enhanced by ionic substitution/doping or substitu-
tion of strontium (Sr), silicon (Si), and silver (Ag). These ion substitutions not only
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change the composition, solubility, and crystallinity of HA but also are important in cell
proliferation, collagen synthesis, nuclei acid synthesis, and bone development. They
also have pharmaceutical effects on the bone regeneration. CaPs have been used
successfully in various drug delivery applications in the form of nanoscale (particulate
systems), microscale (coating), and macroscale (calcium phosphate cement and scaf-
fold) for local delivery and targeted delivery.

Composite coatings composed of collagen and CaP minerals could combine the
benefits of the mineral phase and the collagenous matrix to affect cellular adhesion,
subsequent proliferation, and differentiation phases [ 108]. The CaP—collagen compos-
ite coatings also showed an improved retention of CaP crystals onto implant surfaces
[109]. Also factors such as bone morphogenetic protein 2 (BMP-2), BMP-7, growth
factor 2, fibroblast, platelet-derived growth factor, and insulin-like growth factors
have been codeposited with CaP or collagen coatings onto implant surfaces. In fact,
growth factors (GF’s) immobilized on titanium implants precoated with collagen,
showed increased osteogenic properties compared to GFs bound to untreated titanium
surfaces [110]. This may be due to a sustained delivery profile or a higher stability of
the growth factor [111,112].

4.6.1 Silicon

Silicon (Si), although not labeled an essential trace element for human health, has
showed beneficial effect bone formation, maintenance, and wound healing [113].
Substitution of silicate ions for phosphate ions at ultratrace levels will enhance the
bioactivity of HA either through its effect on surface chemistry or through controlled
local bioavailable Si release. During the early stages of the biomineralization process,
silicon can be found at active calcification sites and the later stages of calcification. Sil-
icon plays a direct role in mineralization by inducing the precipitation of HA from elec-
trolyte solutions [114]. Studies have shown that silicon-substituted CaP showed better
performance [18,115,116].

4.6.2 Strontium

Strontium (Sr) has bone-seeking behavior and has been shown to enhance bone regen-
eration when incorporated into synthetic bone grafts. Essentially, because it is very
similar in size and charge to Ca, it is thought to displace Ca ions in osteoblast-
mediated processes. The divalent strontium ions enhance the replication of preosteoblas-
tic cells and bone matrix synthesis by binding to the calcium receptor and stimulation of
local growth factor and osteoprotegerin (OPG) production [117,118]. Because strontium
is chemically closely related to calcium, it is easily introduced as a natural substitute for
calcium in HA [119]. Sr could not only enhance the positive effect of HA coatings on
osseointegration and bone regeneration, but it also prevents undesirable bone resorption
[120]. Research has shown that strontium probably stimulates the bone formation by a
dual mode of action [121]. First, it activates the calcium sensing receptor in osteoblasts,
which simultaneously increases OPG production and decreases receptor activator of nu-
clear factor kappa beta ligand expression [122]. Strontium-doped CaP material was
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found to increase endothelial cellular proliferation and tubule formation, both character-
istics of angiogenic abilities. Strontium-doped material also showed between 5% and
10% increased new bone growth in vivo over 16 weeks when compared to a similar ma-
terial without strontium [123]. The addition of strontium to CaP cement leads to a faster
osseointegration of the implant into the osteoporotic bone [124].

4.6.3 Silver

Adherence and colonization of bacteria on the surface of the implant can lead to infec-
tions and peri-implantitis [125,126]. Silver-polysaccharide nanocomposite coatings
were effective in killing both Gram-positive and Gram-negative bacterial strains
[127,128]. The antibacterial effect of Ag is reported with plasma-sprayed, RF magne-
tron sputter—deposited, IBAD-deposited, and PLD-deposited Ag-HA coatings
[129,130].

4.6.4 Bisphosphonate

Bisphosphonates are a class of agents that may have the potential to improve osseoin-
tegration of the implants. They potently inhibit the osteoclast differentiation, reduce
their activity, and induce the osteoclast apoptosis [131,132]. Incorporation of
bisphosphonates with HA coatings showed better bone—implant contact. A study
showed that HA—zoledronate composite coating enhanced the peri-implant bone qual-
ity and implant stability in rats with aseptic loosening [133]. The bisphosphonates have
a high affinity for bone minerals and bind strongly to HA resulting in selective uptake
to the target organ and high local concentration in bone, particularly at the sites of
active bone remodeling. The nitrogen-containing bisphosphonates bind to and inhibit
farnesyl pyrophosphate synthase, a key enzyme of the mevalonate pathway, thereby
preventing the prenylation and activation of small Guanosine-5'-triphosphate-ases
(GTPases) that are essential for the bone resorption activity and survival of osteoclasts
[134].

4.6.5 Proteins

CaP ceramic has been chosen as one of the most suitable carriers of proteins because of
its wide clinical acceptance in many areas of orthopedics and dentistry based on its
biocompatible and osteoconductive behavior. The incorporation of a protein into a
CaP coating can modify its three-dimensional structure [135]. Due to the slow but def-
inite degradation CaP they may be very suitable to serve as protein carriers, indeed the
loaded proteins are gradually releasing during CaP dissolution. Reports have shown
that bovine serum albumin can be used along with CaP coating as a source for
releasing of biologically active proteins [136].
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4.7 CaP coating and peri-implantitis

Bacterial colonization of dental implants can lead to inflammatory reactions, which pre-
vent or result in the loss of osseointegration. Peri-implantitis is defined as ‘‘an inflam-
matory process affecting the soft and hard tissues surrounding an osseointegrated
implant, resulting in the rapid loss of the supporting bone, bleeding, and suppuration.”
The implant surfaces and design play a role in peri-implant disease development. Rough
surfaces on superstructures and abutments are reported to accumulate and retain more
bacterial plaque than smooth surfaces and are more frequently surrounded by inflamed
tissues [137,138]. The rough surfaces provide niches that protect bacteria from host de-
fenses and routine oral hygiene treatments. HA coatings increase the surface roughness
of implants. These coatings have also been reported to be at a higher risk for failure, due
to peri-implant diseases, when compared with noncoated implants [139,140].

4.8 Conclusion

The implant surface plays an important role in enhancing osseointegration and
achieving rapid secondary stability. Altering the implant surface through surface treat-
ments may promote osteogenesis by increasing the surface area, enhancing cellular ac-
tivity, and ultimately increasing bone attachment. CaP has been studied extensively
because of its biocompatibility and mineral chemistry that resemble the bone. It is
extensively used as a coating material over metallic implants. The HA-coated implants
produce rapid healing responses, promote faster bone attachment, and show a high
clinical survival rate when compared to noncoated implants. One of the major draw-
back is its dissolution in tissue fluids, demonstrating rapid breakdown around the
implant surface. To overcome these drawbacks, alteration in the composition as
well as newer method of CaP deposition has been tried during the recent past. Research
in this field should focus on the effect of coatings’ crystallinity, chemical composition/
surface topography on the cell differentiation, and therapeutic capabilities of the
coating. Further studies are mandatory to assess the long-term in vivo clinical trials
to optimize coating properties and continue the preclinical research to provide addi-
tional understanding of the bone responses to the coated implant surfaces of different
properties.
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Peri-implant biological behavior:
clinical and scientific aspects
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5.1 Introduction

The scientific basis of the current implantology was established by Per-Ingvar
Branemark [1,2], who used a titanium chamber to study the blood flow of the rabbit
bone, discovering the high biocompatibility of titanium and its capability to be sur-
rounded by the mineralized bone. He used the term “osseointegration,” which has
remained permanently in the medical language. Osseointegration means living
bone tissue attached to the surface of the implant under masticatory loads. This rela-
tionship between an artificial device and a living tissue has revolutionized the dental
field and is also used today for cranial and maxillofacial reconstruction. Branemark
studies [1,2] formed the basis for the development of an operating protocol for the
osseointegration [3].

The bone tissue is subjected to constant evolution, in a continuous process of matu-
ration; this process begins at 6 weeks of embryonic development and continues
throughout life. This process of continuous remodeling happens also around implants.

The bonds between implant surfaces and peri-implant bone are physical and chem-
ical. Branemark [2] found that physical forces, including Van der Waals forces and
hydrogen bonds, are involved. On the other hand, covalent and ionic bonds, both
chemical in nature, are responsible for the high values of the bond strength. When
the titanium surface is exposed to blood, as occurs during surgery, there is a sponta-
neous formation of calcium and phosphate on the surface. This fact shows a reactivity
of the titanium surface with water, mineral ions, and plasma fluids, and in parallel, the
low pH of the implant bed accelerates the formation of calcium phosphates on the
surface. The oxide surface of the implant is a system of dynamic nature, which plays
an important role in the process of bone remodeling [4—6].

The placement of an implant involves the preparation of a bed in the bone, and
therefore trauma to the bone. The bone tissue will respond to the trauma by inflamma-
tion, repair, and remodeling [7—9]. Osteoblasts will then start producing osteoid
matrix that will undergo mineralization [10]. In the first 4 weeks postoperatively,
the osteogenic response is massive, reaching a peak in the first 15—20 days. Bone
formation continues for another 4—6 weeks, while, simultaneously, initial remodeling
processes lead to a gradual adaptation of the newly formed bone. In the eighth post-
operative week, the osteogenic activity is drastically reduced, whereas the remodeling
activity and morphostructural adaptation of the newly formed bone tissue, reach its
highest expression [11]. Simultaneously, there is an increase in the newly formed
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bone, which can cover more than 50% of the surface of the implant [12]. It has been
experimentally shown that the percentage of bone, directly in contact with the implant
surface, reaches an adequate amount only after 3 months; this amount will increase
progressively over the next 6—9 months.

5.2 Implant features

5.2.1 Surface

Titanium is considered to be the most appropriate material for the manufacture of
dental implants. The response after implant placement is directly influenced by the
surface. The rate of bone-to-implant contact (BIC) depends on specific characteristics,
such as ionic composition of the metal alloy, topography, roughness, and energy on the
implant surface. The chemical composition and topography of titanium implant
surfaces play an important role in the rates and extent of osseointegration and in the
movement of bone cells toward the modified surface [13].

To improve the BIC values, many new surfaces have been developed over the
years. In general, the surface roughness can be divided into three levels: macro-,
micro-, and nanoroughness. The macrolevel is believed to be in the range of millime-
ters to tens of micrometers, and it is directly related to implant geometry (e.g., implants
thread design). The microlevel on the other hand, includes surface roughness in the
range of 1—10 um [14]. The nanoroughness is in the nanometer range.

The rough surfaces can be produced by several modification techniques, including
either additive or subtractive processes. Additive processes include titanium plasma-
sprayed surfaces, hydroxyapatite and other calcium phosphate coatings, ion deposition,
and oxidation. On the other hand, electropolishing, mechanical polishing, blasting,
etching, and laser microtexturing are considered subtractive processes. Moreover, implant
surfaces modification can be obtained by the means of chemical or physical processes.

1. Chemical processes
. Ion beam implantation
. Silanization
. Self-supported monolayer
. Microcontact impression
Layers
. Etching with different acids or alkalis
2. Physical processes

a. Sandblasting
b. Electric beam
c. Photolitography
d. Ion beam
e.
f.
g

-0 80 T

Mechanical machining
Electric arc
. Laser microetching or microstructuring.

It has been shown that rough implant surfaces have superior properties over the pre-
viously used machined surfaces. In addition, both animal studies and human trials have
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assessed and compared these different surfaces and showed improved and favorable
clinical outcomes.

Microrough surfaces also stimulate osteoblast differentiation and were suggested to
enhance peri-implant wound healing by the upregulation of genes correlated with
regeneration, mesenchymal cell differentiation, and angiogenesis.

Although, currently, the optimum implant surface characteristic cannot be defined,
advances in microdesign and surface modifications have improved osseointegration.
This, in turn, might maximize the success rates of dental implants and reduce their
complications.

5.3 Implant anatomy

5.3.1 Implant neck design

The anatomy and surface treatment of the neck of the implant, together with the type of
connection between the implant and the prosthetic components, have been considered
as viable alternatives to reduce the crestal bone loss [15] (Fig. 5.1). Regarding the sur-
face treatment of the implant—abutment interface, it remains unclear whether it could
influence the peri-implant bone reaction.

Histological investigations show that loading does not affect osteoclast activation in
peri-implant—bone [16]. Thus, changes in peri-implant—bone levels during function
appear to be unrelated to whether the initial soft and hard tissue healing following
implant placement occurred under submerged or nonsubmerged conditions.

by el

Figure 5.1 Different neck designs. (12X HE (left); 8X HE (right)).
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Focusing on implant micro- and macrostructure effects on marginal bone levels,
different aspects have been discussed in the literature. Crestal bone changes occur dur-
ing the early phase of healing after implant placement and loading [17].

Experimental and clinical studies have demonstrated that implants designed with a
shorter, smooth coronal collar caused no additional bone loss and might help reduce
the risk of an exposed metal implant margin in areas of esthetic concern [18—20].
On the other hand, Shin et al. [21] concluded that a rough surface with microthreads
at the implant neck was the most effective design for minimizing marginal bone loss
during functional loading.

It has been demonstrated that following implant surgery, remodeling occurs and is
characterized by a reduction in bone dimension, both horizontally and vertically [22].
The radiographic marginal bone level showed a mean loss of 0.9 mm at the time of
abutment connection and crown placement and a further mean loss of 0.7 mm at
1 year. Similar results were reported in a retrospective study, which showed a range
of resorption of 2—3 mm after 1 year depending on arch, jaw region, smoking status,
case type, bone quality, surface type, and implant design [23].

It has been suggested that this biological process resulting in the loss of crestal bone
height may be altered when the outer edge of the implant—abutment interface is hor-
izontally repositioned inwardly and away from the outer edge of the implant platform.
This prosthetic concept has been introduced as “platform switching” and radiographic
follow-up has demonstrated a smaller than expected vertical change in the crestal bone
height around implants [24].

Furthermore, it is generally accepted that the mechanical status of the bone—
implant interface is an important determinant for the establishment and maintenance
of the bone—implant interface. As far as implant shape is concerned, design parameters
that primarily affect load transfer characteristics include implant diameter and length,
as well as thread pitch shape and depth. Bone-retention elements such as microthreads
and a rough surface at the implant neck help to stabilize the marginal bone through an
interlocking of the implant surface and the crestal bone. Such an implant—bone inter-
locking inhibits detrimental micromotion and shear forces at the interface and allows
an efficient force transfer to the surrounding tissues [25—31].

There is evidence from both experimental and clinical studies that relatively
smooth, machined titanium surfaces are associated with additional crestal bone loss
[32—34]. Hanggi et al. [20] performed a radiographic evaluation. They observed
that there is no additional crestal bone loss when placing implants with their rough/
smooth implant border at the bone crest level exhibiting a shorter (1.8 mm) as opposed
to a slightly larger (2.8 mm) machined coronal portion over a period of 3 years after
implant placement. However, the results of animal studies showed a more pronounced
crestal bone resorption in the implants with a polished collar of 1.5 mm in height when
compared with the implants with a polished collar of 0.7 mm. These results may be of
importance in areas of esthetic concern based upon the principle of the biological
width, eventually reducing the risk of an exposed metal implant shoulder.

Nickenig et al. [35] performed a radiographic evaluation of the marginal bone levels
adjacent to implants that had either machined-neck or rough-surfaced microthreaded
configurations and showed that the microthreaded design was superior in minimizing
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marginal bone loss during stress-free healing and under functional loading. It was
concluded that the use of rough-surfaced microthreaded implants could maintain
crestal bone levels.

Finally, related to the microsurface of the implants, in the last few years, there has
been a trend to increase the BIC and the stability of the implants through the treatment
of the surface with different techniques to create microretentions that can influence the
peri-implant bone behavior. Neck microgrooves have demonstrated to be effective to
get an increase of the BIC at the contact area, an increase of the bone density, a reduced
crestal bone resorption, a better connective tissue attachment, and an increased stabil-
ity of the implant.

5.3.2 Middle threads configuration

There are different configurations of the middle of the implant, with different anatomy
and direction of the threads and different thread pitch and distance from the implant
body to the end of the thread (Fig. 5.2).

Similarly, the anatomy of the threads will produce different effects on bone on the
compression exerted on it at the time of insertion and the effective contact surface that
exists with the peri-implant tissue. It has been shown that different thread configura-
tions will produce different actions. “V” threads and large squares are the most recom-
mended, whereas narrow threads should be avoided.

Similarly, the anatomy of the intermediate threads will have a direct effect on the
distribution of forces to the peri-implant bone. When primary stability is a concern,
as in cancellous bone, increasing the implant surface area using implants with smaller
pitch might be beneficial.

5.3.3 Apex

Finally, apical anatomy influences directly the peri-implant bone response from a point
of view that has more to do with biomechanics and compression. Noncutting implants
blunt apex will produce higher compression and higher secondary remodeling;
whereas tapping implants with sharp apices get less compression.

5.4 BIC percentage

A lot of research in the field of implant dentistry is concerned with the evaluation of the
BIC percentage because BIC is the most important factor contributing to implant sta-
bility. Numerous authors have specified the factors influencing BIC levels, in partic-
ular: original bone density, functional force values exerted on implants, implant
materials and shape, surface roughness, implant length and width [36—40] (Fig. 5.3).
However, to date no study has responded to the question of what could be the best
method for evaluating BIC and no studies have set out to assess the reliability of the
various methods of evaluating BIC currently in use. It is a well-known fact that calcium
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V-configuration STo[VEI(]

Reverse buttress Plateau

Figure 5.2 Different thread configurations. (SEM 200X).

"1 i - k) N ?I e S0 e .
Figure 5.3 BIC evaluated in different bone quality sites. (8X acid fuchsin and toluidine blue
(left); 10X acid fuchsin and toluidine blue (centre); 12X acid fuchsin and toluidine blue
(right)).

levels are a good indicator of bone quality, so elemental analysis is a good way of
assessing the quality of newly formed bone [41,42]. Although there may be good
BIC levels, if the newly formed bone is of low quality with a low calcium content,
implant retention will be less than expected and long-term stability may be compro-
mised [43]. Studies involving elemental analysis used for this purpose are few; indeed,
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(a) ()

Figure 5.4 Different types of BIC measurements. (SEM 300X).

our review of studies involving BIC evaluation has identified only one that includes
elemental analysis.

There are three different ways of measuring BIC. The first consists of measuring the
quantity of mineralized bone in direct contact with the implant’s titanium surface
across the entire threaded area. This we call BIC I (Fig. 5.4a). It measures new bone
around the implant threads but does not measure the new bone that joins this to old

Figure 5.5 Detail of BIC over an implant thread. (100X acid fuchsin and toluidine blue).
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bone. BIC II measures BIC along a line that passes from apex to apex of the implant
threads (Fig. 5.4b); this measures real BIC but does not take into account BIC between
threads. This tends to measure the old bone and some new bone but ignores interthread
bone. Last, BIC III measures BIC both in areas around and above the threads and in
between threads (Fig. 5.4c).

BIC is a sine qua non condition for the osseointegration of dental implants. It is a
fact that BIC will not be the same in the palatine zone as in the buccal zone, as less
contact is produced on the buccal side because it is a finer bone wall [44—57].

Most researches use optical microscopes for taking histomorphometric evalua-
tions, but this is not an exact method for obtaining BIC values as measurement is
taken from a photo of the microscope image. With the scanning electron microscope,
measurement can be carried out directly without the need for intermediary digital
imagery.

It must be said that BIC III evaluation is the most certain method for establishing the
quantity of formed bone, as the BIC area at which evaluation is carried out includes the
area over and above implant threads as well as the areas between threads (Fig. 5.5). All
studies should include elemental analysis that helps to assess the quality of BIC and
allows to transfer the research outcomes to everyday clinical practice.
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6.1 Introduction

In tackling topics such as implant-prosthetic rehabilitation, one should first consider
characteristics of the biological phenomenon at hand. All biological systems make
up the organic system of the human being, from neurophysiological to osteomuscular
interactions. As such, these should be considered as “complex systems” comprising a
series of elements or components, which interact with each other according to stochas-
tic processes [1—6]. These interactions generate an “emergent behavior” [7] of the
complex system, which is unfortunately not predictable from the knowledge of each
single isolated component.

Therefore, in discussing primary implant stability, we have to extend our knowledge
to a larger network comprising multiple components that interact with one another.
These include the biomolecular genesis of bone [8—10], the interface between the
implant and bone [11—13], the specific characteristics of the materials, and the shape
of the implants [14,15] and occlusal loading of implant fixtures [16,17] among other
factors.

A phenomenon termed “fatigue microtrauma” has been proposed as the cause of
cervical and progressive bone loss during the modeling process due to excessive
occlusal loading of the implant. This microtrauma occurs when the rate of fatigue
microdamage exceeds the bone reparative rate, thereby resulting in the irreversible
loss of cervical bone [18].

Several physical and mathematical modalities have been used in biomechanical
studies to simulate occlusal loading. These include two-dimensional (2D) and three-
dimensional (3D) photoelastic models, strain gauge analysis, and 2D and 3D finite
element analysis [19,20]. Although these techniques have inherent advantages and
weaknesses, they essentially demonstrate the presence of points or areas of relative
stress concentration in modeled superstructures, implants, and supporting and sur-
rounding bone structure [21].

Some investigators in bone deformation models have been able to quantify the level
of strain and relate this value to the calculated values of fatigue overload. A positive
correlation has been verified in both animal and clinical studies as they all demon-
strated an increased amount of cervical stress concentration with increased levels of
loading when there is off-axis inclination or bending movements [22—24]. Although
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these studies are of substantial scientific and experimental importance, due to the
inherent stochastic nature of the system under consideration and intrasubject vari-
ability of the biomechanical characteristics, many questions remain unanswered.

An implant-prosthetic rehabilitation, therefore, relates to a complex system that is
able to adapt to local conditions thereby generating an “adaptive emergent behavior,”
which simulates a clinically acceptable efficiency of the masticatory system that is
physiologically adaptive. To understand this “adaptive emergent behavior,” it is neces-
sary to explore at least two essential components underpinning the efficiency of the
system.

1. The implant—bone biomechanical primary stability phenomenon through press-fit analysis
that we will refer to as “press-fit primary stability”

2. The occlusal primary stability phenomenon named neurognathological functions subse-
quently referred to as “NGF primary stability”

6.2 Press-fit primary stability

The press-fit phenomenon indicates a mechanical connection of two structures based
on the contact pressure. However, a more appropriate definition, “interference-fit”
could be used considering that each component mutually interferes to generate the
deformation. The press-fit technique, which is adopted to ensure a primary stability
condition for endosseous implants, requires the diameter of the hole drilled within
the bone to be smaller than the implant major diameter. The bone tissues are affected
by a biomechanical phenomenon, which is affected by the mechanical properties of
bone, implant materials, the difference between implant and hole diameters and sur-
rounding bone morphology.

Recently, image-based approaches combined with finite element analyses have
allowed effective stress—strain investigations within dental implantology. Dental im-
plants can be virtually positioned in realistic models of human jaws reproduced from
high definition cone beam computed tomography (CT) image data with respect to the
anatomical and physiological structures of the recipient bone. Worldwide, scientists
have focused on this topic to improve the success rates of endosseous implants
[25—29].

A common goal is to understand the key factors of osseointegration processes
following the implant surgery. Some researchers have investigated microdisplace-
ments occurring at the bone—implant interface. Conversely, others have considered
load transfer at the interface to be more important in determining the correct mechan-
ical stimulation of osteoblasts, which are assumed to be responsible for bone tissue
regeneration and consequent osseointegration of the implant [30,31].

Generally, trabecular microstructures of bone are modeled as homogeneous en-
tities with particular mechanical properties and contiguity assumed at implant—bone
interfaces. The contiguity conditions do not allow relative motions between the parts
generating a continuum of stress distribution at the interface, where stresses are
concentrated.
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Limbert et al. [32], as an example, has studied the trabecular microstructure of
mandibular bone and the discontinuity at the implant—bone interface by finite element
analysis (FEA). Further studies have investigated the preload condition generated by
insertion of the abutment screw in the implant for different designs of the screw-
abutment system [31].

To date, the selection of drill diameter with respect to the implant geometrical
configuration is still performed without any robust scientifically tested criteria. Natali
et al. [33] analyzed the press-fit phenomenon occurring in oral implantology using the
FEA approach. In this study, the mandibular bone was reconstructed using the CT data
and different mechanical properties in the cortical and trabecular regions were
observed. However, a more detailed study should also consider the trabecular micro-
structure of real bone tissue and the contacts associated with the relative movement
between the implant and the bone.

In our recent paper [34], an accurate model of human mandibular bone segment was
created by processing high-resolution micro-CT data (Fig. 6.1) using image-based
tools. The biomechanics of press-fit phenomena was analyzed by FE methods for
different drill diameters.

The finite element analysis was conducted for three different drill diameter values.

The drill was modeled assuming a cylindrical shape with different diameter values:
D = 2.8 mm (model A), Dg = 3.3 mm (model B), and D¢ = 3.8 mm (model C) and

\,'\\’\9"‘3\

Figure 6.1 Result of the virtual drilling process. ScanIP reimported model: (left) view through
cut, (right) full volume.
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length L = 12 mm. The virtual implant model has been assumed with a cylindrical ge-
ometry having height L = 11 mm and diameter D =4 mm. The drill models were
positioned into the bone model through the use of ScanCAD (Simpleware Ltd., Inno-
vation Centre, Rennes Drive, Exeter, United Kingdom). It allows placement to be
driven by the corresponding 3D gray-scale micro-CT images and taking into account
the bone structure (Fig. 6.2)
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Figure 6.2 Von Mises stress distributions. Top view of the Von Mises stresses induced by bone
tissue expansion for models (a), (b), and (c), respectively.




Implant primary stability and occlusion 105

The Von Mises stresses are presented along the buccolingual and mesiodistal
planes. In models A and B, the press-fit phenomenon is almost completely supported
by the cortical structure, although the implant is in contact with both the cortical and
the trabecular bone. The stresses in the trabecular zone are minimal compared to those
characterizing the cortical area.

In model C, the stresses are equally distributed across the cortical and trabecular
structure reducing the generation of critical and localized loads.

A uniform stress distribution, as reported in model C, is the optimal condition for
the osseointegration process allowing a distribution of bone cell stimulation all around
the implant. The maximum stresses in models A, B, and C are 12.31, 7.74, and
4.52 GPa, respectively (Figs. 6.2 and 6.3)

High-stress concentrations may induce bone cell necrosis or result in deficient
homogeneous osteoblast stimulation, which are both possible causes of implant desta-
bilization [35].

As mentioned before, the press-fit phenomenon indicates a mechanical connection
of two structures based on contact pressure.

Generally, the actual viscoelastic behavior of bone tissue implies that the elastic
recoil of bone decreases over time (creep phenomenon). The bone deformation and
the elastic recoil depend on the density of bone tissue, and cortical bone has less visco-
elastic behavior than cancellous bone [36—38].

The results obtained in our studies demonstrate that the cortical bone is stressed and
deformed significantly, even with moderate values of interference fit. Figs. 6.2 and 6.3
demonstrate higher Von Mises values in juxtacortical areas than in the cancellous bone
structure.

Viscoelastic behavior also depends on the degree of initial elastic deformation of
bone when the press-fit is achieved. The “assembly strain” (i.e., the deformation of
the bone tissue upon the introduction of the implant) has an effect on both the contact
pressure between the bone and implant during the initial press-fit and the rate at which
the press-fit is dissipated through deformation and elastic relaxation [39,40].

The data presented in Figs. 6.2 and 6.3 indicate that the only press-fit value at
implant preload demonstrating evenly distributed stresses at the bone—implant contact
is generated within model C. In contrast, models A and B yield uneven stress distribu-
tions at the bone—implant interface. However, the stresses occurring in model C may
not yet be high enough to yield the necessary press-fit persisting to ensure the primary
stability especially in the situation of immediate implant loading.

Once the initial press-fit is dissipated, the implant is capable of moving in the bone
under load. This would suggest the use of an “undersized” approach that only accen-
tuates an elevated cortical bone—implant load using techniques at our disposal.

The intermediate period between the initial press-fit and the healing of osseointegra-
tion is typically characterized by a relaxation of press-fit, if this occurs too fast, it could
cause implant instability. The bone ingrowth, which leads to osseointegration, is a very
susceptible biophysical process especially in the case of immediate loading of full
arches [41].

A recent study [42] demonstrated that the undersized drilling technique, also to
enhancing primary implant stability, might achieve a translocation of bone particles.
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Figure 6.3 Von Mises stresses distribution for the press-fit implant. View of the Von Mises
stresses distribution on the opposite sides of the buccolingual virtual cut.
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This biological phenomenon, comparable to the autologous bone graft, has a positive
influence on the osteogenic response.

In conclusion, our study data identify that the cortical bone plays a significant role
in supporting the implant. Therefore, implant stability assessment based solely on the
axial displacement may be unreliable as the apparent high implant stability, determined
from low axial displacements, may be produced only by the cortical bone in the alve-
olar region. In this scenario, the success of the implant may be jeopardized by the
increased strains in the alveolar region that may lead to peri-implantitis, atrophy,
and implant failure.

Naturally, implant stability is also affected by the individual quality of the cancel-
lous bone. Interestingly, the cancellous bone demonstrates the highest strain a few mil-
limeters from the implant and not necessarily in the tissue in direct proximity to the
implant. This observation is consistent with experiments previously performed by
Gabet et al.(2010) [43].

However, many trabeculae in this region are thin and demonstrate highly variable
cross-sectional area along their length. Such trabeculae may, therefore, display certain
locations where the loads are excessively concentrated and this may ultimately lead to
the destruction of the trabeculae. In the long term, the bone remodeling processes
may naturally eliminate these problematic locations. However, this is only the case pro-
vided that the implant is embedded in a sufficient quantity of cancellous bone and that
the additional bony layer is created around the whole implant during the healing process.

In conclusion, it is our opinion that efforts should be focused on developing a method
that is capable of determining relative uniform stresses and strain values across the
whole alveolar region and involving the cancellous bone interface in addition to the
cortical interface. This surgical method should be geometrically and biomechanically
considered as a “differentiated interference-fit” and should be focused on the preparation
of the artificial alveolar bone using different surgical steps and diameters of drills.

The following discussion introduces the NGF primary stability concept.

The biomechanic primary stability of the implant—bone interface remains the
primum movens in implant surgery approach. Nevertheless, the occlusal load compo-
nent on the implants remains of critical importance, particularly when rehabilitating a
patient using immediate implant loading.

Another important issue is that the evaluation of adjacent bone strength is based
upon the calculation of stresses in the bone tissue under masticatory loading. Holmgren
et al. [44] suggested using combined (oblique) loads because these are a more realistic
representation of bite direction and, for a given force, will reproduce the greatest local-
ized stress in the cortical bone. Following this experimental approach, Demenko et al.
[45] determined the “ultimate magnitudes of oblique masticatory force” that were
applied at the center of an abutment’s upper surface in a 3D asymmetric loading
scheme. They concluded that overloading of the cortical bone might occur in the com-
pressed part of the neck zone due to oblique occlusal loading.

This conclusion could be true in a simple biological system. However, as mentioned
above, the masticatory forces represent a “complex system” and the resulting occlusal
loads are, therefore, more difficult to quantify.
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Indeed, the trajectory of these functional motions affects the direction and magni-
tude of masticatory force with all muscles acting together to generate a resultant force
and torque (6 degrees of freedom) with respect to the mandible and maxilla [46].

The moving dynamics of the mandible are expressed in terms of position, velocity,
and acceleration. Because the mandible is a 3D body, it possesses both translational
and rotational degrees of freedom. Therefore, the location and attitude of the mandible
can be defined by three parameters that describe the location of the center of mass and
three angles (yaw, pitch, and roll). Because the movement of the mandible is limited,
the gimbal lock phenomenon is avoided and the use of Euler’s parameters or quater-
nions is not necessary.

Every moving body, including the mandible, obeys Newton’s laws. Movements are
caused by forces acting on the mandible and may be active muscle forces or passive
(reaction) forces generated by joints, ligaments, and dental elements.

These forces also display six components with linear force (F}, F), F;) accompanied
by torques (Myaw, Mpitch, M ro11)- The resultant forces and torques generate accelera-
tions according to Newton’s second law (Fig. 6.4). This accounts for each degree of
freedom, emphasizing the fact that the jaw mass also consists of mass and inertia
tensor. The inertia tensor depends on the distribution of mass and therefore upon
the shape of the mandible and adhering structures [47].

For a mandible of about 0.44 kg of mass, considering a principal reference system
and the symmetry of the shape, the principal moments of inertia have been estimated
as 8.6,2.9,and 6.1 kg cm? for / yaw(about the z-axis), Ipicn(about the y-axis), and Iroy
(about the x-axis), respectively [48]. Therefore, about three times less muscle torque
is required to accelerate the jaw for open—close movements than for latero-
deviations.

Figure 6.4 Six degrees of freedom for mandibular movement. These forces also display
six components with linear force (Fy, F,, F;) accompanied by torques (Myayw, Mpitch, M ron)-
All these components generate accelerations according to Newton’s second law.
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Figs. 6.4 and 6.5 highlight the fundamental characteristics of the masticatory and
bone—implant systems and the contextual limits of analysis procedures. Firstly, the
implants, as with teeth, are subjected to dynamic forces and torque. The resulting
loading force is related to the size of the mass, muscle strength, speed, and instant,
impulsive acceleration events of masticatory occlusal contacts.

When applying FEA to dental implants, it is therefore important to consider not
only axial loads and horizontal forces (moment-causing loads) but also a combined
oblique occlusal loading force because the latter represents more realistic occlusal di-
rections and, for a given force, may result in localized stress in cortical bone [44].

Simultaneously, it needs to be taken into account that maximum recruitment of the
motoneural pool is generated during maximum interscuspation [49] and in the first
millimeter of lateral excursion (our neurophysiological unpublished data). The
occlusal contacts on the implant elements must be multiples to allow the reduction
of extra-axial dynamic loads in masticatory cycles [44]. This was confirmed by
Eskitascioglu et al. [S0] who undertook a study on occlusal loading of the framework’s
crown and its effect upon the abutment implant bone. These authors performed the
study by loading the framework with an average occlusal force of 300 N. Three-
point vertical loads were applied at the tip of the buccal cusp (300 N; model A); tip

Figure 6.5 Force and torque generated by a muscle (arrow) with respect to the center of gravity
of the lower jaw.
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of buccal cusp (150 N) and the distal fossa (150 N) (model B); the tip of buccal cusp
(100 N), distal fossa (100 N), and the mesial fossa (100 N) (model C). They concluded
that vertical loading at model B and C produced high stresses on the framework and
occlusal surface of the implant-supported fixed partial denture and low stresses distrib-
uted to the bone. These types of loads would appear to minimize force transmission to
the implant and surrounding bone. Vertical loading at model A produced stresses on
the cortical bone and implant, with the low stresses being distributed to the framework
and occlusal surface.

To understand the final result of 3D occlusal loading, we have to shift our attention
to neuromuscular recruitment and brain functional activity. Using functional magnetic
resonance imaging (fMRI), Kimoto et al. [51] compared the change in brain regional
activity of four edentulous subjects who wore either mandibular complete dentures
(CD) or implant-supported removable overdentures (IOD).

From these fMRI studies, six regions of interest have been identified. These regions
are robustly activated by gum-chewing in dentate subjects regardless of their age and
include the primary sensorimotor cortex, supplementary motor area, insula, thalamus,
cerebellum, and prefrontal cortex [52,53].

The ROIs analysis identified that chewing with IOD resulted in a decrease in the
maximum beta value in comparison to chewing with CD in the prefrontal cortex, pri-
mary sensorimotor cortex, and cerebellum. There are several possible explanations for
the observed phenomenon. As for the latter two regions concerning motor execution,
the reduction of brain activity might reflect more smooth manipulation of the mastica-
tory organ while chewing with IOD than with CD. However, the interesting conse-
quence of this hypothesis is that chewing is a maintained rhythmic pattern under the
control of the “central pattern generator” located in the pons and medulla [54].

This last suggestion introduces a basic contribution of the mesencephalic structures
in managing the bite strength, so that the trigeminal electrophysiological approach
could be considered as a basic element in the field of implant-prosthetic rehabilitation
to immediate loading.

For this reason, we proposed a new paradigm in implantoprosthetic rehabilitation
called “neurognathological functions,” which we describe as NGF primary stability.

6.3 NGF primary stability

For a correct evaluation of masticatory function, a precise knowledge of the forces
involved in this action and the resulting movements is required. Although these can
be easily and accurately measured with various instruments, the real underlying prob-
lem is in the assessment of masticatory muscle control from a neurophysiopathological
point of view.

The cortical projections to trigeminal motoneurons are believed to be bilateral and
symmetric. Interestingly, using electrical or magnetic brain stimulation through the
intact scalp [55,56], it is possible to evoke motor responses in masticatory muscles.
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The root-motor evoked potentials (R-MEPs), therefore, could be considered an
organic response as they are not modulated by central or peripheral mono and polysyn-
aptic drives and demonstrate an absolute stability giving important information about
the anatomical symmetry and integrity of the trigeminal motor system.

The NGF involves the study of muscular-evoked potentials on the muscles after
direct bilateral electrical stimulation of the motor roots of the trigeminal motor system.
This electrophysiological event has been called bilateral R-MEPs (,R-MEPs) by trans-
cranial electrical stimulation. The maximum absolute neural energy evoked, the sym-
metry, and the synchrony properties of the resulting ,R-MEPs have been studied using
measures such as latency, amplitude, and integrated area of the signal. This technique
could allow us, from a neurophysiopathological perspective, a better assessment of
masticatory function and to verify the possibility to consider the ,R-MEPs as a
“normalization factor.”

6.3.1 Electrophysiological procedure

The tests have been performed using an electromyographic device (Nemus-NGF,
EBNeuro, Firenze, Italy) [57,58]. Considering the safety limitations, we computed
the energy delivered for each single pulse in our application through this formula:

E=P-At=R-I*>At=25m] 6.1

Where E is the energy; P is the power; At is the duration of the pulse.

As two electrostimulators were used, the limits were 10 times lower than those
stated in international electrotechnical commission regulations.

The electrodes were arranged as described below. A common anode to the two elec-
trostimulators was placed at the vertex, whereas a cathode electrode was placed on
each side at 11 cm along the line joining the vertex to the acoustic meatus in the pa-
rietal region. The electrical stimulus consisted of a square wave lasting 250 ps at a
voltage of = 300 V and maximum current of 100 mA.

Fig. 6.6 demonstrates the distribution of the electric field inside the intracranial
brain tissue of an analysis performed through a generic finite element (FE) process
(SimNibs method), only as a descriptive model (data not reported) [59].

Briefly, FE models consisted of around 1.7 million tetrahedral solid element. Mesh
resolution was selectively enhanced in gray matter (GM), white matter (WM), skull,
and the cerebrospinal fluid (CSF) regions with an average tetrahedron volume of
1 mm®. Electrical conductivities (¢) were assigned to different tissue types where
(skin) ¢ =0.465 S/m, (skull) ¢ =0.010S/m, (CSF) ¢ =1.654S/m, (GM) o =
0.276 S/m, and (WM) ¢ = 0.126 S/m [60].

The electrode arrangement is shown in Fig. 6.6(a). The maximum current spreads
below the cathodes (red color) in the parietal cortex (Fig. 6.6(b)). Conversely, in the
region of the skull base close to the trigeminal motor root, only a small amount of cur-
rent is present (Fig. 6.6(c), black arrows). Fig. 6.6(d) shows the current density that
spreads below the skull.



112 Bone Response to Dental Implant Materials

Figure 6.6 The figure shows the arrangement of the electrodes on the skull (a), the distribution
of electric fields inside the intracranial brain tissue (b), the low current intensity around the
trigeminal roots (c), and current density below the skull (d).

We underline how a minimal amount of electric current inside the brain tissue is
required to saturate the motor trigeminal root compared to the amount of current
needed to evoke a response by the trigeminal motor cortex below the cathode. This
is one of the reasons that led us to choose this type of peripheral-evoked response
rather than cortical, which has a higher threshold and less stability in terms of neuro-
muscular response. We recorded simultaneously the motor-evoked potentials of both
the right and left trigeminal roots from the right and left masseter muscles through two
paired surface electrodes. The EMG device was set with 20-ms time window width,
with 2 mV per division and a filter bandwidth of 2 Hz—2 kHz.

The onset latency, the peak-to-peak amplitude, and the integral area of 10 trials of
motor-evoked potentials for each side of each subject were analyzed (data not re-
ported). Fig. 6.7 shows the neuromuscular responses of a subject with the measure-
ments of latency, peak-to-peak amplitude, and integral area. The high symmetry of
the ,R-MEPs can be observed from the perfect symmetry of amplitude that builds,
through a complex algorithm, an organic symmetry Gaussian curve reproduced in
the bottom right corner. This organic symmetry Gaussian curve will be considered
as “normalization factor.”
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from ,R-MEPs.
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6.3.2 Organic symmetry

To share the concept of organic symmetry of the trigeminal motor system, it is addi-
tionally necessary to address some fundamental points about the masticatory system’s
functionality according to experimental animal studies. A reflex opening of the
mandible resulting from the simultaneous relaxation of jaw closers and contraction
of jaw openers, not only helps to avoid injuries to the oral tissues but also contributes
toward coordinating rhythmic masticatory movements [61].

Previous studies [62] have identified that peripheral stimulation evokes inhibi-
tory postsynaptic potentials in bilateral jaw-closure motor neurons. This bilateral
inhibition is mediated, at least in part, by supra- and juxta-trigeminal neurons
with bifurcating axons projecting to both the right and the left masseter motor neu-
rons. The goal of a recent study [63] was to morphologically analyze how the
functional symmetry of the masticatory system might be reflected in the organiza-
tion of premotor neurons and how it could potentially mediate excitation of jaw-
opener motor neurons.

It has been demonstrated that in the masticatory system, where symmetrical
motor output is the rule, using neurons with bifurcating axons as a premotor
element might be a common strategy for mediation of both peripheral and central
signals.

The concept of organic symmetry is not restricted solely to the masticatory system
but can be found in complex neuronal processes in which the output is the result of the
sensorimotor drive of the central and peripheral nervous systems.
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6.3.3 Functional symmetry

Regarding jaw reflexes, we have also studied the jaw jerk (JJ) and masseteric silent
period (MSP) to determine a “functional symmetry Gaussian curve.”

The JJ was elicited by placing the index finger over the middle of the patient’s chin
and the index finger then tapped with a reflex hammer equipped with a piezoelectric
sensor recording the level of EMG activity. Subjects held their mandibles in a very
slightly clenched intercuspal position (j,JJ). Subjects were then asked to perform
five maximal clenches, each lasting up to 3 s, with the mandible held in the intercuspal
position to obtain the mean EMG value at maximal voluntary contraction (MVC). Dur-
ing these ;,JJ tests, the subjects were guided by visual feedback to ensure that their
EMG levels were maintained at 20% of the MVC. Electromyographic signals were
recorded simultaneously (50-ms time-window width, 100 puV per division, filter band-
width 20—2 kHz) using surface electrodes on the right and left masseter muscles, with
an electromyographic device (Nemus-NGF, EBNeuro). The JJ was averaged over 20
trials, and the peak-to-peak amplitude measured.

The resulting data from this study show a perfect symmetry of the JJ in a healthy
subject in the latency, amplitude, and integral area [64]. This symmetry is capable
of building a functional symmetry Gaussian curve (Fig. 6.8).

In the same way, we performed analyses of the MSP and through a more complex
algorithm (data not reported) we built a “functional symmetry Gaussian curve” (Fig. 6.9).
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of a healthy patient.
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In conclusion, this paradigm has been developed to quantify the trigeminal
anatomic symmetry and refer to it, the jaw reflex responses coming from various po-
sitions and level of the bite of the mandible.

Obviously, when both the organic and functional Gaussian curves of symmetry
overlap, then the occlusal loads are distributed in a symmetrical, stable, and simulta-
neous manner, which demonstrates maximum efficiency of the masticatory system.

Nevertheless, some questions arise:

1. Is it desirable to obtain similar results for patients undergoing implant-prosthetic
rehabilitation?

2. Is there any way to determine a symmetric, stable, and simultaneous centric occlusion in the
implant-prosthetic rehabilitation patient with immediate loading?

The answer to the first question is “Yes.” Despite the absence of periodontal recep-
tors in implant rehabilitation, the trigeminal reflexes remain intact and symmetrical.
This means that the peripheral input should be carefully considered in managing the
occlusal scheme during implantoprosthetic rehabilitation especially in immediate
implant loading rehabilitation.

It is desirable that the electrophysiological responses, as discussed previously for
healthy subjects, are symmetrical because this event would indicate a symmetry, syn-
chronicity, and stability of the occlusal position or centric occlusion. The symmetric,
synchronous, and stable occlusal position in centric occlusion would avoid excessive
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and asymmetric height of some cusps and consequently avoid any overloading of in-
dividual implants.

A series of articles has described the influence of experimental occlusal overload on
peri-implantitis in monkeys (Macaca fascicularis). In the first article of this series, it
was reported that bone resorption was not observed around implants when occlusal
trauma was produced by a superstructure that was in supraocclusal contact with an
excess occlusal height of approximately 100 um provided there was no inflammation
in the peri-implant tissue [65].

In the second part of the study, experimental inflammation was created in the peri-
implant tissue, and occlusal overload was produced by a superstructure with an
excess occlusal height of 100 pm. Notable bone resorption was observed around
the implant with the passage of time. These results suggested that, also to the control
of inflammation in peri-implant tissue, traumatic occlusion may play a role in the
bone breakdown around the implant in the presence of peri-implant inflammation
[66]. In the final study, the authors investigated the effect of exerting various levels
of traumatic force with inflammation-free peri-implant tissue upon bone level
changes around implants. The supraoccluding prostheses were defined as being
excessively high by 100, 180, and 250 pm. The results elucidated that bone resorp-
tion around implants tended to increase when the excessive height of the superstruc-
ture was 180 um or more. This suggests that the threshold of the excessive height of
the superstructures at which peri-implant tissue breakdown may start is approxi-
mately 180 pm [67]. Therefore, there is a real possibility of bone resorption occurring
around the implants from excessive occlusal trauma, even when no inflammation is
present within the peri-implant tissue.

At this point, centric occlusion and the occlusal contacts come into play in a pre-
dominant way and the biomechanical features of occlusal contacts are important in un-
derstanding the contributory role of occlusion in masticatory function. Cusp-fossa
contact is the typical pattern of occlusion between upper and lower teeth. This includes
static relations, such as during clenching and dynamic relations when mandibular teeth
contact in function along the maxillary occlusal pathways, as during mastication.

During clenching in the maximum intercuspal (ICP) position, cuspal inclines may
take the role of distributing the occlusal forces in multidirections. This helps prevent
excessive point pressures on each tooth. During chewing movement on the functional
side, the mandible moves slightly from buccal through the maximum ICP to the contra-
lateral side. The part of the chewing cycle where occlusal contacts occur and the path-
ways taken by the mandible with teeth in occlusal contact are determined by the
morphology and position of the teeth. The degree of contact is associated with the ac-
tivity of the jaw muscles. In conclusion, in addition to the standard occlusal concepts of
centric relation/centric occlusion and group function/cuspid protection relation,
biomechanics in static and dynamic cusp-fossa relationships should be assessed to
develop an understanding of occlusal harmony. Such harmony should include no inter-
fering or deflective contacts during functional occlusal contact [68—70].

Therefore, the question arises: Is there any means of determining a symmetric,
synchronous, and stable centric occlusion in the implant-prosthetic rehabilitation for
immediate loading of implants?
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We can answer that currently, through trigeminal electrophysiological innovative
paradigm, this goal can now be achieved through an unconventional centric relation
recording called neuro-evoked centric relation used in the masticatory rehabilitation
using the ,R-MEPs.

6.4 Neuro-evoked centric relation

The NGF paradigm relating to the neuro-evoked centric relation entirely changes the
concept of interpretation of centric occlusal registrations being based on a vector tri-
geminal neuromotor phenomenon. In doing so, it bypasses the conventional methods
of kinematic centers (KC) and/or techniques such as transcutaneous electric neural
stimulation (TENS) or myomonitor. Indeed, both methods include specific limitations
and errors that can trigger an irritative spine in the implant-prosthetic rehabilitative
processes, particularly in immediate loading implant cases. The KC, for example,
has been proposed as a standardized reference point to represent condylar movements
of the TMJ [71,72]. The KC has been presented as being situated in the center of a
spherical condyle [73], and researchers thought it to be the only condylar point per-
forming solely translatory movements “paralle]” to the articular eminence during
mandibular movements [72], with trajectories allegedly showing the smallest vari-
ability [74].

The KC trajectories were also believed to reflect variations in intra-articular dis-
tances [75] because during symmetric unloaded opening/closing movements, the
opening trajectories were closer to the articular eminence than were the closing ones.

Such studies, as well as those using other condylar reference points, have the major
drawback of being performed without relating the trajectories to the shape of the fossa.
Therefore, the anatomical and functional significance of the kinematic center remains
obscure, and it seems premature to infer variations in intra-articular distances solely
from the trajectories of the KC as proposed [75].

Dynamic stereometry permits the 3D reconstruction of the anatomy of the TMJ and
its animation with real kinematics acquired with 6 degrees of freedom [76]. The sys-
tem, therefore, allows the movement of the whole condyle within the fossa to be visu-
alized and variations in the true distances between the condyle and fossa surfaces to be
measured as movement progresses [77—79]. Thus, the system permits the elucidation
of the significance of the KC because it relates its trajectories during any mandibular
movement to the joint anatomy.

Gallo et al. [80] tested whether the KC lies in a peculiar anatomical point and
whether its trajectory reflects intra-articular distance. In 11 asymptomatic individuals
(seven females, four males, aged 24—37 years), four opening/closures and four protru-
sion/retrusions were tracked with dynamic stereometry. In a 3D lattice (0.5 mm grid)
constructed solidly around each condyle, the KC was the point with maximal cross-
correlation between opening—closing and protrusion—retrusion paths. KC trajectories
were more cranial on closing than on opening, consistent with intra-articular distances
being smaller on closing than on opening. However, KCs were never located on
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condylar main axes (distance, 4.5 4+ 2.9 mm), and they did tnot coincide with points
best-approximating fossa shapes (distance, 12.5 + 6.4 mm). The KC’s anatomical
and functional significance, therefore, appears to be highly questionable.

Regarding myomonitor in dental practice, the use of TENS appears to be limited to the
alleviation of fatigue and pain from the jaw muscles and the establishment of contact as
well as noncontact postural positions of the mandible [81—83]. Concerning the mandib-
ular contact position created by TENS, it was the aim of these researchers to determine
the mechanism by which the myomonitor instrument causes muscle contraction. Because
the shortest latency of the masseteric H-reflex is 4.60 ms, the authors concluded that
masseteric motor nerves are directly stimulated as a so-called M-response. Consequently,
the results and conclusions of these studies are essentially the same as those of Dao et al.
[81], in that TENS caused direct activation of alpha-motor nerves without eliciting reflex
responses. These authors confirmed that the mandibular contact positions elicited by
TENS are approximately 2 mm anterior to the most retruded contact position of the
mandible, also referred to as forced centric relation occlusion.

This anterior position of 2 mm is precisely the result of the direct stimulation, or so-
called M-response, only of the masseter muscle so that it has a protrusive component.
To reach the infratemporal fossa and/or oval foramen to depolarize muscles innervated
by trigeminal nerve would evoke a root response. To obtain this target, we require a
high voltage electric stimulus with a short square wave of roughly 100 ns.

Hence, the first procedure is to check for saturation of the motor trigeminal fiber
response or root-MEPs. At 20, 30, and 40 mA we can see a recorded onset latency
of 2.4, 2.4, and 2.3 ms, respectively, and even increasing the amperage we observe
a decrease in latency of 2.1 ms to 50 mA, 2 ms to 70 mA, and 1.9 ms to 80, 90 and
100 mA (Fig. 6.10).

These differences in latency up to the maximal current density depend on the capac-
itive components of the tissues encountered by the intracranial current flow [59,60,84].
The EMG amplitude saturation of the trigeminal motor root is the first step to being

Root-MEPs
Masseter muscle
P-P Amplitude
mA - mV
= 50-90-100 mA 100 - 4.6
70 mA 90 - 4.6
r/ 50 mA 80 - 4.6
o / \ 40 mA gg - ?3
Onset latency 30 mA L
20 mA 40 - 1.1
mA - msec / 0 . 08
58 ) 53 4 20 - 0.6
40 - 23 / ; -
50 - 2.1 80-90-100 mA Y 1mv
70 - 2.0 70 mA
50 mA e
80 - 19 50 mA msec
90 - 1.9 30 mA
100- 1.9 20mA

Figure 6.10 Signal saturation of the root with respect to latency and amplitude.
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performed, even before clinically interpreting a delay in latency and to perform a sym-
metric elevation in centric occlusion of the mandible.

In fact, at delivered amperage of 80, 90, and 100 mA, the P—P amplitude remains at
4.6 mV. The amplitude value of 4.6 mV and the onset latency of 1.9 ms correspond to
the maximum absolute values of neural energy elicited by the motor of the trigeminal
nervous system and the spatial result corresponds to a coactivation of closer muscles
innervated by the trigeminal system [57]. Of course, the amplitude can be chosen to be
equivalent to the integral area, depending on the purpose of the study.

After this electrophysiological scheme, to determine a symmetric, stable, and syn-
chronous centric occlusion by avoiding the discrepancies and external disturbances
transferred from manual maneuvers by the operator or incongruous maneuvers such
as myomonitor, we developed an electrophysiological method capable of determining
a physiological centric relation called “neuro-evoked centric relation.”

To explain this neuro-evoked centric relation, we present a case report in which the
added value of this innovative and unconventional implant-prosthetic rehabilitation
tool is demonstrated.

6.5 Case reports

6.5.1 Case report in the delayed loading procedures

As you can see in Fig. 6.11 it shows an implant-prosthetic rehabilitation using eight
NobelReplace implants of 3.5 and 4.3 mm diameter placed in the maxilla through a
NobelGuide surgical procedure (NobelBiocare, Gothenburg, Sweden), in which the
correlation between neurophysiological trigeminal responses, according to the para-
digm NGF, and occlusal adjustments can be appreciated. Fig. 6.11(a—c) reveals the
surgical procedures and finalization of the rehabilitation framework in zirconia ce-
ramics. In Fig. 6.11(d), the centric occlusal contacts are marked through blue articula-
tion paper and for disclusion contacts, in red. The corresponding trigeminal reflex
responses are also presented and a significant asymmetry of jaw jerk is evident.

Fig. 6.11(g—1) shows the coupling between the occlusal parameters and the neuro-
physiological symmetries responding to the requirements dictated by the NGF para-
digm. An occlusal adjustment resulting from sandblasting the occlusal surfaces is
clearly visible in the new occlusal contacts marked in blue, which were previously
absent. The new contacts maintain a disclusive path and we lay out how the system
responds with the marked trigeminal symmetry of the JJ amplitude and the silent
period. A further confirmation is deduced from the overlapping of the organic and
functional Gaussian curves symmetry.

This trigeminal neurophysiological symmetry (NGF paradigm) confirms, with irre-
futable numerical data, that the occlusal loads are redistributed in a symmetrical, syn-
chronous, and stable manner over the whole occlusal arch. The maximum efficiency of
an implant-prosthetic rehabilitation performed through a detailed surgical primary sta-
bility (press-fit procedure) and an occlusal primary stability (NGF paradigm) would
ensure the success of the implant-prosthetic rehabilitation, responding to the dictates
of a “biological complex system.”
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Figure 6.11 The figures show the correlation between the occlusal adjustments and
neurophysiological trigeminal responses, according to the NGF paradigm, during an
implantprosthetic rehabilitation. (a—c) Rehabilitative procedures; (d—f) trigeminal
electrophysiology before occlusal adjustments; (g—i) trigeminal electrophysiology after
occlusal adjustments.

In the next case report, an implantoprosthetic rehabilitative procedure with imme-
diate loading was performed with the determination of neuro-evoked centric relation
and the neurophysiological control already mentioned.

6.5.2 Case report in the immediate loading procedures

The patient had undergone a NobelGuide-guided surgical procedure for the placement
of six implants, NobelReplace narrow (NobelBiocare, Gothenburg, Sweden), and
extraction of teeth 11 and 21. A prosthesis was planned with immediate loading in
24 h following surgery. Fig. 6.12(a) shows that the first implant-prosthetic rehabilita-
tive step was to reach the goal of primary stability by distributing the strain and stress
equally on the trabeculae and cortical bone. To avoid cortical interference, it is better to
prepare previously the cortical bone volume through cortical drills and to check the
maximum insertion torque by dimensional screw tap.

After this first step of preparing the cortical volume, we proceeded to dimensioning
of the trabecular bone volume with appropriate undersize procedures to achieve the
right balance of “ differentiated interference fit.”
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Figure 6.12 Implantoprosthetic rehabilitative procedures in an immediate loading it is not clear
(a—1i) and neurophysiological trigeminal correlation (1—n).

Fig. 6.12(b) shows the six provisional abutments positioned on the multiunits, pre-
viously modified in the laboratory based on the master cast that was produced from the
surgical mask. The surgical intervention was then completed with the tooth extractions
(Fig. 6.12(c)).

However, the primary stability of bone—implant interface is static, therefore, not sub-
jected to dynamic, extra-axial, and extra-symmetrical occlusal loads, as previously
mentioned. In the case of implant-prosthetic rehabilitation through the immediate
load, it is necessary to distribute the occlusal loads, originated by neuromotor recruit-
ment activity of masticatory muscles, in a symmetrical, synchronous, and stable manner.
A spatial and temporal asynchronous contact phase in maximum intercuspation cannot
be permitted. Therefore, the neurognathological functions of the primary stability phase
determining the neuro-evoked centric relation is introduced. To reach this target, it is
necessary to complete the surgical phase so far performed by inserting the chrome-
cobalt structure previously fabricated in the laboratory on the master cast model from
the NobelGuide surgical mask (Fig. 6.12(d)). Thereafter, centric registration was
recorded by positioning self-curing resin at predefined areas where the antagonist teeth
would contact during mandibular closure caused by bilateral motor evoked potentials of
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the trigeminal roots called neuro-evoked centric relation (Fig. 6.12(e)). This centric
registration technique produces a symmetric, synchronous, and stable jaw elevation.
The neuro-evoked centric relation through this method simulates the natural neuromus-
cular coactivation of chewing functions.

Because structural stability is guaranteed by the abutments cemented to the chrome-
cobalt structure, once the neuromotor primary stability is performed, the next step was
to transfer the whole structure to the laboratory. To obtain a defined master cast, the
abutment screws were replaced by guide pins (Fig. 6.12(f)).

A detailed impression was then taken and transferred to the laboratory for the final
technical stages and delivery of the prosthesis 24 h after the surgical intervention
(Fig. 6.12(g) and (h)).

Fig. 6.12(i) shows the implant-prosthetic rehabilitation 24 h after the surgical inter-
vention, but it must meet the occlusal primary stability requirements checked through a
careful control of the trigeminal reflexes.

During the first days of healing, the nociceptive system physiologically tends to
inhibit or otherwise reduce the entity of neuromotor recruitment. However, an occlusal
discrepancy greater than 180 nm in the height of cusps or asynchronous contacts, as
previously mentioned [54], could result in overload, bone damage, and implant insta-
bility. Therefore, it is necessary that the trigeminal reflexes respond symmetrically.

Fig. 6.12(1) shows the individual symmetry of ,R-MEPs that corresponds to an
organic Gaussian curve considered as “normalization factor,” whereas Fig. 6.12(m)
and (n) shows the functional symmetry of JJ and MSP.

The perfect overlapping of the Organic and Functional Gaussian Curve implies that
a balanced occlusion has been created that can distribute the occlusal load symmetri-
cally, synchronously and stably across all the implants. Also, this takes into account
that the maximum plateau of the motoneural recruitment is obtained in maximum inter-
cuspation, whereas the occlusal loads decrease significantly even at 1 mm of laterality.

The EMG traces of the mechanical silent period (Fig. 6.12 (n)) are divided in two
sections called preanalysis and postanalysis. The first is not contaminated by sensori-
motor input, while the second one includes the facilitatory and inhibitory processes
from the central and peripheral drive. Also for the mechanical silent period the organic
and functional Gaussian curves appear overlapped. This neurophysiological overlap-
ping indicates an optimized symmetry of the occlusal load.

6.6 Conclusions

In this chapter, we have focused on primary implant stability, not only from a biome-
chanical bone—implant perspective, but also taking into account neuromotor function
that could generate occlusal dynamic, asymmetric, and extra-axial loads.

If the “differentiated press-fit” achieves a distribution of the torque and thereby of
stress and strain within all the alveolar bone in contact with the implant, through neuro-
evoked centric relation and comparison of electrophysiological trigeminal functional
symmetries (functional) with organic ones (anatomic), we can at least quantify the degree
of the distribution of occlusal loads on the whole implant-prosthesis rehabilitation.
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Clinical bone response to dental 7
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Clinical bone response to surgically placed dental implants at the time of or soon after
insertion (preosseointegration) relates to biomechanical factors. This would include
surgical insertion technique, such as drilling and nondrilling approaches, bone quality
factors, including bone density, and use of adjacent graft material and device capabil-
ities related to implant force generation upon placement as part of early- and late-stage
healing biocompatibility. Each of these three aspects is strategically applied to obtain
initial primary stability, which must persist through the demineralization phase of bone
injury, permitting implants depending on the surface topography to remain passive
long enough for bone modeling to progress to a unifying callus and then onto load
responsive (maintenance) osseointegration [1,2].

Following early bone modeling, at about 5 or 6 weeks, basic multicellular unit
remodeling commences replacing woven bone with a more dense lamelized bone.
The process of osseointegration continues to increase the bone mineral density
proximate to the implant body for up to 2 years and it is proportionate to load as the
mechanostat seeks to minimize stress and strain caused by the lack of stress dampening
of the titanium root analog. A “steady state” of osseointegration is achieved where there
is nearly equal gain and loss of mineral, without substantial change in volumetric bone
mass. Unlike the relatively narrow lamina dura adjacent to a periodontal ligament (PDL)
of a tooth, there is nearly direct bone contact—dense bone that may extend for several
millimeters away from a titanium element—but no PDL-like space. Ankylotic bone
response is a desired property of dental implant design and responsive biology. Interest-
ingly, very long-term implants can sometimes have a hypodense area several millime-
ters away from the implants, suggestive of a relative stress-dampening capacity [3.4].

7.1 Bone response to dental implants

Early events for bone healing around a newly inserted implants are affected by the nano-
technology and perhaps bioactive chemical modifications of the titanium surfaces now
“roughened” to increase the surface area and bioactivity for osteogenesis. Such treat-
ments can significantly increase the osteogenic activity by inducing the focal adhesion
development [5]. However, the basic early finding of bone modeling in the first few
weeks of healing is described as contact osteogenesis and distance osteogenesis, both
affected by implant surface tension and wettability [6]. In any case, a recent review noted
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that the surgical injury of alveolar bone induces a cascade of healing events starting with
the clot formation. When the inflammation is not present osseointegration is manifest by
an increase in gene expression from osteogenesis, angiogenesis, and neurogenesis [7].
The rate of bone healing progression in animals demonstrates near complete healing
by 4—6 weeks. In one dog model, the 1-week gap bone fill was about 5%, after 2 weeks
about 30%, and after 3 weeks close to 50% [8]. Human healing rate is perhaps 1.5x
slower. By 2 months, the dead bone is removed by osteoclasis or creeping substitution,
so that in humans, nonvital or damaged bone in the site preparation is likely removed
during woven bone formation at about 6 weeks [8]. One study, however, showed that
the degradation of residual bone particles acts as a nidus for the new bone formation
with osteoblasts sometimes lining particles as osteoid is formed and therefore nonvital
bone is removed as a later event during remodeling [9].

Bone strain that is nonphysiologic or mildly overloading (about 2000—3000 micro-
strain) leads to the bone gain, which is manifested as hypermineralization or increased
bone mineral content around an implant. Compared with a ligament attached tooth, the
titanium bone screw is in a prolonged state of mild overload—the body is constantly
increasing the bone mineral content until the system reaches a state of less strain near
the physiological load (about 2000 microstrain). There is a narrow window, between
2000 and 3000 microstrain, where damaged bone is repairable, but above which it
leads to the pathological overload and the bone repair mechanisms are overcome
(Fig. 7.1). This concept is difficult to comprehend with fixed implant devices as

Disuse Pathologic
atrophy Adapted overload overload Fraclun;

Figure 7.1 Bone response plotted by measuring bone gain or loss, which is a function of bone
strength, against bone microstrain over time. The graphic is useful to visualize bone strength
and mass changes that occur in dynamic living bone. (Disuse atrophy is about

50—150 microstrain; mild overload is about 2000—3000 microstrain and bone fracture is
around 25,000 microstrain.)
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dentists think in terms of teeth and avoidance of deflective contacts, particularly lateral
loads as being detrimental to the bone—PDL—tooth interface. Although with oral im-
plants, this is not the case. In fact, an example of this is lateral orthodontic force actu-
ally increasing the bone mineral density around an implant anchor. Bone strain should
not exceed a threshold of force that might lead to microfractures that cannot be repaired
physiologically, within the strain rate history. If it exceeds this threshold, it eventually
leads to fatigue fracture—induced osteoclasis and the loss of bone mineral density. This
rarely happens in dental implant constructions, but when it does marginal bone contact
and osseointegration fail. Most often device mechanical failure precedes this event
leading instead to component failure, or rarely, implant fixture fracture. A peri-
implant lesion appears clinically as a peri-implantitis infection, bacteria being an
opportunistic cofactor of the final throes of mechanical implant—bone contact failure
[10,11].

Interestingly, the need for a certain number of millimeters of osseointegration has
been shown to be counterintuitively small. That is, the implant root-form titanium
screw need not be as long or as wide as a tooth root and by a long ways. In fact,
the very first implants placed by Branemark were short implants 7—10 mm in length
with perhaps only 5 mm of vertical osseointegration even after the long-term function
in excess of 30 years. Short implants have been found to last as long as long implants
[1]. The common use of short implants now suggest, once again, that tooth-oriented
thinking does not apply to the titanium bone screw, which can replace teeth with
perhaps as little as 4 mm of vertical height of osseointegration and still maintain the
stability over time. So now, instead of implants being placed as tooth root analogs
they are placed as fixed anchors of much reduced length such as 5—7 mm in length
as the biomechanical capability of bone repair under load is sufficient for this length
of implant. Furthermore, the implant is placed for each tooth unit lost and is not
required biomechanically from the standpoint of the bone; now three or four implants
(splinted) are commonly used to restore edentulous arches. As few as two implants, as
small as 15—20 mm of total circumferential osseointegration, can restore a complete
arch [12—14].

It is thought that as less as 16 mm of total cortical bone contact is sufficient in four
implants for the immediate function restoration of the complete arch as evident by high
levels of maxillary atrophy (Class C, Class D) using transsinus or zygomatic implants
for immediate function. At some threshold minimum in both the mandible and the
maxilla there is simply not enough cortex for immediate mechanical fixation function,
and, therefore, the potential to progress toward osseointegration. This threshold is
thought to be 4 mm of circumferential cortical bone per implant [15—19].

Once peri-implantitis infection progresses, unlike in periodontal disease, there
is direct contact of the bacterial lesion to the underlying bone. Periodontal probing
will extend all the way down to the bone unlike probing periodontal lesions
around teeth, yet progressive bone loss is relatively slow due to lack of a PDL
space. On the other hand, poor bone-to-implant contact (poor osseointegration)
or implant dehiscence can lead to the rapid progression of the disease. Also,
some rough surface peri-implant lesions progress more quickly than others in
the presence of peri-implantitis [20].
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In addition to the mechanical, the hematological response, including neurohumeral,
immunological, and the blood clotting cascade, helps to determine whether or not the
implant will progress toward intimate woven bone healing. For example, implant sur-
faces, which form intimate blood clot between the bone preparation and the newly
inserted implant, form a greater percent of osseointegration than implant—bone inter-
faces that do not. Although, these are biological, nontechnical events, they are
impacted by the clinical placement. Burning or overheating the bone will cause fibri-
nolysis of the clot and prevent the formation of osseointegration. So technical efforts
can set in motion the healing events that prevent osseointegration.

Site preparation can be done by sequential drilling, blunt osteotome, or piezosurgery.
The endpoint clinical bone response is similar, although the mechanism of healing is
different. It is important to understand the difference in bone quality as dense bone,
Type I bone, has no need for condensation or an underdrilling technique. Although
less dense trabecular bone such as Type III bone is more conducive to bone condensation,
underdrilling, or even addition of free graft material into the site preparation in order to get
implant stability. It is uncertain if peizosurgery, which leaves a clean cavity for implant
placement compared to the blunt osteotome method or a drilling method, is superior in
any given setting of bone quality. Drilling results in free osseous debris and microfrac-
tured walls, which requires additional biological energy to repair but still leads to undis-
cernible differences in osseointegration from a clinical standpoint when compared to
piezosurgery. Osteotome condensation of bone laterally and apically adds bone mineral
stock simultaneous to implant placement to provide mechanical fixation for implants
placed into trabecular bone. The loose particles of osseous debris in the implant osteot-
omy site although do not substantially contribute to bone formation directly, particles
are almost always resorbed delaying bone modeling contact to the implant. Therefore,
delayed implant placement is often recommended especially in complex osteotomy set-
tings such as for alveolar split cases combined with osteotome intrusion of the sinus floor
asillustrated in Fig. 7.2. So, the bone is quite facile in the development of osseointegration
despite differing methods of achieving an osteotomy [21—23].

Late-term bone response is related to implant material characteristics including sur-
face topography and the functional response to oral environmental stress typified by
durability of the osseogingival attachment and peri-implant maintenance of health.

In a small percentage of cases bone does not form primary union leading to early
loss of the implant—perhaps about 3% of the time. Although causation is multifacto-
rial, it remains unknown exactly why bone modeling arrests and osseointegration does
not develop. Tightness of fit is one factor to consider. Bone, an anisotropic structure,
carries within it potential energy such that bone presses against the newly inserted ti-
tanium screw as much as the screw pushes against it. Implants placed into a split alve-
olus do not have a tight fit as the potential energy of the bone is expended kinetically
by the splitting of the alveolus, so that the physical energy of the bone to compress
against implants is lost. The same thing happens when an implant causes an alveolar
plate fracture during insertion. So, an important factor in the stability is controlling the
potential energy of bone. Similarly, cancellous bone has less compressive ability than
cortical bone and therefore less insertion torque. So the failure of osseointegration due
to inadequate primary stability is less in the cancellous bone.
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Figure 7.2 Demonstrated graphically is the alveolar split combined with sinus floor intrusion by
osteotome from an anterior and lateral view. (a), (b), and (e) show the crestal exposure, the
alveolar split, and the sinus floor intrusion from a cross-sectional view. (c), (d), (), and (g)
show a lateral view showing the sinus floor intrusion and subsequent implant placement.
Delayed implants placement is advocated in this setting due to the complex osteotomy created
making simultaneous implant placement inadvisable.



134 Bone Response to Dental Implant Materials

There probably is an optimal implant insertion torque for which osseointegration
may develop. At the extremes of insertion force it is possible that too much force could
damage the bone in too tight of fit. This likely occurs at very high torque values, well
above 200 Ncm, but could be as low as 50 Ncm in sensitive individuals. On the other
hand, the bone is so porous that it does not require drilling, that is, implants can be
placed without instrumentation, but this leads to poor fixation potential. Osseointegra-
tion occurs even in low insertion torque settings as long as primary stability is main-
tained such that low insertion torque implants essentially catch up with high insertion
torque implants with regard to osseointegration content [24—26].

One of the basic principles in placement is to provide at least 1 mm of circumfer-
ential bone around the implant. This is easy to accomplish accurately with open-flap
procedures. However, with closed-flap frans-gingival placement the implant may be
placed too buccal or lingual causing dehiscence. There is a greater risk of this in non-
direct vision techniques such as computer-generated-guided surgery. Off-axis angle
deviation from computer planned placement has been reported to be 6 degrees or
more such that implants can inadvertently be placed with a dehiscence [20,22].

D factor measure of stress dampening by the molecular monolayer of proteins
adsorbed to the surface of an implant in the days following placement indicates the de-
gree of wettability. Wettability is a description of the surface activity, the likelihood of
protein adsorption, a very important first step toward osseointegration [23].

Surface roughness has been shown to be important, as described by the Sa value in
microns, which is the average height of surface roughness, with turned implants having
less than 0.5 pm and the so-called rough surface implants 1—2 pm in height. The clin-
ical significance of roughness is related to exposure or nonexposure of the roughened
surface to the bone. In the bone, the surface that is rough has more surface area, and,
therefore, more binding power—a potentially stronger integration. However, when
exposed to the oral cavity a rough surface attracts plaque and leads to peri-
implantitis. So the decision to place implants level to the crest or perhaps 1 mm
deep of the crest will ensure rough surface bone contact. However, in animal experi-
ments, the biological width has been shown to re-establish to a baseline level of about
3 mm indicating bone remodeling despite subcrestal placement of implants. But this is
better than the high profile placement in which 1 mm or more of implant body is supra-
crestal adding long-term risk for peri-implantitis. One of the important reasons for
preparation of the all-on-four bone shelf is positioning implant platforms flush to
the newly formed bone level to ensure stable long-term osseous coverage of implant
threads.

The most common error in placement of exposed implant surface is dehiscence.
This may be particularly problematic on the lingual of the lower arch and on the buccal
of the upper arch as bone response typically is not induced to cover the exposed
implant threads. Exposed threads should be treated by guided bone regeneration if
the implant cannot be repositioned. And, if there is a deficiency of fixed gingival tissue
a connective tissue graft is ideally indicated [27,28].

Selection of the implant is important as greater length and diameter aid in gaining
better torque and often times reduce bone stress overall. However, the diameter and
length should not be excessive, particularly the diameter, which may encroach upon
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adjacent tooth periodontium, leading to spacing deficiency between implants for
crestal bone support. Thread pitch should generally be shallow for the ease of place-
ment following screw-tapping into Type I bone, whereas deeper threads are better
suited for cancellous bone. Parallel walled versus tapered implants are another selec-
tion criteria important for developing primary implant stability, the tapered implant be-
ing preferred in soft bone or tapered bone locations that have concavities or potential
tooth root encroachment apically. There are so many variables when technically
approaching an osseous dimension that standardization of procedure is almost impos-
sible such that surgical/operative judgment becomes the final arbiter [29,30].

Other factors that may arrest bone healing concern the surface properties of the
implant, including wettability, texture of the surface, addition of carbonates or protein
polymers, and properties of adsorption of the initial protein biolayer.

One clinical decision to be considered is the placement of abutments in a platform
switch relation, which has been shown to decrease slightly crestal bone resorption by
preventing epithelial migration beyond the connection interface. Pocket depth should
be less and osseous support for papillary form enhanced. This may be particularly
important in adjacent implant placement [31].

The prosthetic use of cement that is inadvertently expressed subgingivally can lead
to the bone loss and failure of the prosthesis, suggesting a preferred use for screw
retention or abutments that do not require cement for fastening such as the nitinol
(memory metal) abutment (Fig. 7.3) [32,33].

Medical history is important particularly for unarrested severe periodontal disease,
uncontrolled diabetes, high-dose radiation therapy, high-dose bisphosphonate

F o _L'- .
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Rodo abutment
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Figure 7.3 The nitinol abutment avoids the need for screw retention or cementation as shown
above. (Nitinol, an intermetallic compound made of nickel and titanium, is heat phase sensitive
and therefore can secure a crown over an implant with greater retention than cement and yet be
retrievable by heating, a function shape memory recovery force.)
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accumulation, and damage from cigarette smoking. The net effect is compromise of
bone vitality mostly due to decreased blood supply suggesting poor bone healing ca-
pacity leading to inadequate osseointegration. So once again, the clinician must use
good judgment on patient selection [34].

In summary, the clinical bone response to implant placement is multifactorial not
the least of which are methods of bone manipulation done by the surgeon in prepara-
tion for insertion of the implant. Thereafter, a cascade of healing events proceeds not
only related to clinical surgical/prosthetic management but also to host healing capac-
ity. Long-term consequence of devices in the bone is related to the initial insertion
method, subsequent clinical management, as well as patient factors including compli-
ance, all manifested over time in the hard tissue response to the foreign body.
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8.1 Introduction

In the nineties, the so-called mechanical “overloading” was considered to be one of the
main reasons for peri-implant bone loss and implant failure [1]. Excessive surgical
trauma together with an impaired healing ability, premature loading, and infection
were pointed out to be the most common causes of early implant losses (= prior to
functional loading). Progressive chronic marginal infection (peri-implantitis) and over-
load in conjunction with the host characteristics on the other hand were thought to
be the major etiological factors causing late failures [2]. The fact that mechanical
overloading was recognized as a risk factor for oral implant success generated a lot
of research to gain insight into the role of mechanical loading on the establishment
and the maintenance of oral implant osseointegration.

Since Wolff’s law [3], there is a consensus that mechanical loading affects bone size
and architecture. Mechanical loading evokes stress and strain in the bone, which can be
bone stimulating (anabolic) or negative for the net bone tissue (catabolic). The latter
has been supported by correlations between exerted forces and bone response
[4—6]. Frost’s mechanostat [6] relates four levels of mechanical strain magnitude to
the bone response: (1) disuse atrophy (50—100 pe), (2) steady state (100—1500 pe),
(3) mild overload (1500—3000 pe), and (4) fatigue failure (>3000 pe). If fatigue fail-
ure occurs, the load can theoretically be classified to what is called overload. Fractures
occur in the bone at a strain level of about 25,000 pe, depending upon the type of
stress—strain testing (compressive, tensile, shear) as well as the exact type of bone
that is being tested (anisotropic, cortical, cancellous...). Frost’s mechanostat, however,
overlooks the importance of other load parameters besides load magnitude. Other pa-
rameters such as frequency [5], duration [7], rest periods between load bouts, [8] etc.,
also play a significant role in the bone response to loading.

It seems only logical that the above-mentioned evidence on the bone response
to loading also applies to the bone surrounding oral implants. Nevertheless, load-
bearing oral implants perforate into the oral cavity, and it is a rather complex interplay
of mechanical, microbial, patient, surgery, and implant-related factors which deter-
mines the resulting peri-implant bone response. In addition, the clinical trend to
functionally load implants before osseointegration, puts the mechanical loading effect
on peri-implant bone in a different context. In case of early or immediate loading,
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mechanical loading is superimposed onto the healing processes during implant
osseointegration. As it is anticipated that the mechanisms and kinetics of the mecha-
nobiological events of the peri-implant tissues are largely dependent on the timing
of loading relative to the osseointegration state, these will be discussed separately in
this paper.

This chapter is not a systematic review, but rather joins and interprets the scientific
literature on the impact of mechanical loading on oral implant prognosis and
differentiates between the impact of loading prior to and after the establishment
osseointegration. Clinical as well as animal experimental studies reporting on the
outcome of dental/oral implants subjected to immediate load and so-called overload
were therefore considered.

8.2 Implant loading prior to osseointegration

Immediately after oral implant installation, the process of osseointegration is initiated,
through the classical wound healing cascade, followed by combined bone remodeling
and bone regeneration [9—11]. As the size of the osteotomy site is generally smaller
than the implant outer diameter, some parts of the implant are in direct contact with
the host bone. In those areas of direct bone contact, bone remodeling occurs. In the
areas without direct bone contact, tissue—and most preferably bone—regeneration oc-
curs. Bone regeneration in the initially bone-free areas can be accomplished by bone
apposition from the host bone or by de novo bone formation.

New bone formation requires bone cell differentiation. Genetic, biochemical, as
well as mechanical factors affect the way multipotent mesenchymal stromal cells
(MSCs) differentiate into multiple lineages such as osteoblasts, adipocytes, and chon-
drocytes [12]. MSCs are originally derived from the bone marrow [13], although they
have now been isolated from many adult stromal tissues [14]. Carter et al. [15]
reviewed some of the mechanobiological principles that are thought to guide the
differentiation of mesenchymal tissue into bone, cartilage, or fibrous tissue during
the initial phase of regeneration. Cyclic motion and the associated shear stresses cause
cell proliferation and the production of a large callus in the early phases of fracture
healing. For intermittently imposed loading in the regenerating tissue, (1) direct intra-
membranous bone formation is permitted in areas of low stress and strain, (2) low to
moderate magnitudes of tensile strain and hydrostatic tensile stress may stimulate
intramembranous ossification, (3) poor vascularity can promote chondrogenesis in
an otherwise osteogenic environment, (4) hydrostatic compressive stress is a stimulus
for chondrogenesis, (5) high tensile strain is a stimulus for the net production of fibrous
tissue, and (6) tensile strain with a superimposed hydrostatic compressive stress will
stimulate the development of fibrocartilage. Finite element models confirmed that
the patterns of tissue differentiation observed in fracture healing and distraction
osteogenesis followed these fundamental mechanobiological concepts [15], although
the precise role of mechanical forces in stem cell function and differentiation is still
unraveled [16].
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The mechanobiology of fracture healing illustrates the potential effect of mechanical
loading on cell differentiation and tissue formation. Although the osteotomy required for
implant installation can be considered as a fracture-like bone trauma, there is no
evidence to accept that the same mechanobiology applies to healing peri-implant tissues.

8.2.1 (linical research

The available literature on the impact of immediate loading on prosthesis failure, implant
failure, and marginal bone loss, compared with conventional loading, was evaluated in a
systematic review by Esposito et al. [17]. Furthermore, the review reported on the
potential differences between immediate occlusal and nonocclusal loading and between
direct and progressive loading with regard to the peri-implant bone response. Twenty-
six of the 45 identified studies were included, reporting on 1217 patients with 2120
implants in total. Eighteen randomized controlled clinical trials (RCTs) comparing
immediate versus delayed loading were included. In the studies, mainly implants sup-
porting overdentures (seven studies) or solitary crowns (10 studies) were evaluated.
There was only one study reporting on implants supporting a fixed full prosthesis. Three
of the included studies had a too low level of evidence. In the remaining 15 RCTs no
difference in either prosthesis or implant failure was observed between the two loading
conditions. Furthermore, the six RCTs considering immediate versus early loading did
not reveal differences either. Finally, insufficient evidence was found for different peri-
implant tissue responses between immediate occlusal and nonocclusal loading and
between direct and progressive loading. The systematic review article concluded that
in general the quality of the clinical evidence concerning the impact of different timings
of loading on the implant outcome is low. However, the authors recognized that the ma-
jority of the studies included mainly “ideal” participants (e.g., absence of parafunctional
habits, high primary stability, good bone quality), thereby suggesting that the implant
treatment outcome is not necessarily applicable to the general patient population.

In line with the findings of Esposito et al. [17], more recent systematic reviews and
meta-analyses confirm that no significant impact of time of loading on implant or
prosthetic outcomes [18] for single tooth replacements [19,20], partial [21], and
full-arch prostheses [22] is observed. A systematic review on the impact of the loading
protocol in mandibular overdenture treatment by Schimmel et al. [23] based on 58
included articles, however, indicates that early and conventional loading protocols
are better documented and seem to result in fewer implant failures during the first
year of function compared with immediate loading protocols.

Primary implant stability is an important factor in achieving predictable treatment
outcomes in early/immediate loading protocols [24,25]. The implant—bone
interlocking created by primary implant stability inhibits detrimental micromotion
and related shear forces at the interface on the one hand and allows an efficient transfer
of potentially stimulating forces to the surrounding tissues on the other hand [26—28].
Since primary implant stability directly depends on the mechanical connection be-
tween the implant and the surrounding bone, it can be strongly influenced by the
implant design [29], the bone quality and quantity [30], and the surgical technique
(drill diameter; depth of the preparation; tapping of the implant site) [31,25]. In this
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context, undersized implant site preparation may increase primary implant stability
[32]. The insertion of the implant after undersized osteotomy surgery requires a
considerable force, which is referred to as the insertion torque. Considering that
primary implant stability is influenced by the mechanical interlocking between the
implant and the receiving host bone bed, it has been suggested that the implant success
can be accelerated and/or enhanced by a surgical protocol applying high insertion tor-
ques [33]. Indeed, in a clinical split-mouth study by Ottoni et al. [34], significantly
more implant failures were noted for immediately loaded implants installed with a
low (20 N cm) compared with a high (>32 N cm) insertion torque. For the conven-
tionally loaded implants, however, the insertion torque displayed no effect on the
implant outcome. The impact of the primary implant stability on the outcome of imme-
diately loaded implants has been confirmed in a more recent study [35], where again a
significant decrease in implant failure was observed for implants inserted with a high
(>80 N cm) compared with a medium (25—35 N cm) insertion torque. On the other
hand, other studies have suggested that high insertion torque values produce strong
compressive forces onto the peri-implant bone, an altered mechanical strain environ-
ment, and the potential induction of deleterious effects on the local microcirculation
and bone cellular responses, which may lead to bone necrosis and ultimately to a
retarded or compromised implant osseointegration [36,37]. Thus, although a high
primary implant stability under immediate loading is a prerequisite, low levels of
compressive stresses and strains immediately after implant placement are preferred
concomitantly [29].

To evaluate the effect of the implant insertion torque on the peri-implant bone healing
process, an animal study was undertaken by the authors’ research group evaluating peri-
implant bone remodeling and regeneration around unloaded implants installed with a
high (>50 N cm) compared with a very low (<10 N cm) insertion torque [38]. The
different insertion torques were achieved by varying the bone cavity dimension relative
to the implant dimension. It was observed that the low insertion torque implant group
healed with considerable de novo bone formation, thereby catching up, already in the
early osseointegration stage, the initial inferior amount of contact of the implant with
the bone compared with high insertion torque implants. High insertion torque implant
installation not only provided an initial higher bone-to-implant contact, but was more-
over anabolic for the bone surrounding the implant. A negative impact of the strain envi-
ronment created because of the high insertion torque for implant installation on the
biological process of osseointegration could not be observed, at least not at the tissue
level. The study, however, cannot give a clear answer of which condition is preferred
for clinical application and factors such as the bone quality, quantity, and loading
scheme, among others, should be taken into account.

8.2.2 Animal experimental research

Different animal models have been developed by the BIOMAT Research Group
(KU Leuven, Belgium) to investigate the impact of immediate and early implant
loading on the peri-implant tissue response. For the animal studies described below,
immediate versus early implant loading was defined as well-controlled loading of
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the implant by a custom-designed external loading device starting at the day itself or
1 day after implant installation versus 1 week postsurgery.

A first model for investigation of the sensitivity of peri-implant tissue differentia-
tion to well-controlled immediate implant loading is the bone chamber methodology
for the rabbit [39]. The bone chamber primarily consists of dual-structure perforated
hollow cylinders with a centrally positioned implant to be installed in the rabbit prox-
imal tibia. Through the perforations, the bone can grow into the bone chamber. The
implant, located in the center of the bone chamber, is displaced in a well-controlled
manner by means of a loading device. Several bone chamber studies (each of them
consisting of several experiments) were performed exploring the effect of immediate
loading of the implant design and surface properties in immediate loading conditions
and of the magnitude of micromotion on the peri-implant tissue response
[26,27,40—43]. The main findings of these studies are described: (1) controlled
immediate implant loading can accelerate the tissue mineralization in the vicinity
and at the surface of the implant; (2) the screw-threaded implant design promoted
osseointegration by providing a favorable local mechanical environment for bone for-
mation at the implant surface compared with the unthreaded implant design; (3) an
adequate force transfer from the loaded implant to the surrounding tissues was
enhanced for roughened implant surfaces favoring a good tissue interlocking and
resulting in a stimulation of bone formation (Fig. 8.1).

Another animal model for investigation of the peri-implant tissue response to
immediate loading is based on the guinea pig model with bicortically anchored, tibial
implants as described by Jansen and de Groot [44] and modified by Slaets et al. [11]
for the rabbit. In contrast to the bone chamber model, where neoformation of trabecular
bone occurs within the chamber, this model can be classified as a cortical bone model
investigating the impact of the loading on the bone remodeling in the host cortical
bone and on peri-implant bone formation in the marrow zone. The other major differ-
ence with the bone chamber model is the nonaxial implant loading direction (compared

Figure 8.1 Cross-section through a bone chamber harvested from the tibia of a rabbit,
illustrating bone tissue architecture around an unloaded (a) and a loaded (30 um vertical
displacement) (b) implant. Stevenel’s blue and Von Gieson’s picrofuchsin stain; bar, 500 pum [42].
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with the axial load application in the bone chamber), resulting in bending moments, with
one implant side under compressive loading, and causing stress gradients along the
implant surface. It was observed that a well-controlled immediate implant loading did
not cause large differences in the sequence of biological events leading to osseointegra-
tion in cortical bone, as there was the formation of a hematoma and an altered nuclear
morphology of osteocytes surrounding the implantation site, followed by an intensive
bone remodeling and the formation of new bone leading to the osseointegration of
the implant. At early time points, an endosteal and periosteal bone neoformation was
found, whereas the cortex itself hosted damaged osteocytes. At later time points, bone
neoformation was also found at the cortical level itself. Differences between loaded
and unloaded implants were observed with larger reactions for the endosteal and perios-
teal bone for the immediately loaded implants at intermediate time points. But at the
endpoint of the experiment, bone formation at the cortical level was reduced around
the immediately loaded implants compared with the unloaded ones.

The original guinea pig model was used by De Smet et al. [45] for application of
early implant loading. Implants were installed bicortically with primary stability on
the medial surface of the tibia near the ankle joint. The implants made direct contact
with the host bone of the upper and lower cortices, whereas the midpart of the implant
faced the bone marrow cavity. The percutaneous part of the implant fitted the mechan-
ical stimulation lever, and mechanical stimulation was started 1 week after implant
installation. The influence of specific mechanical parameters, that is, the duration,
amplitude, rate, and frequency of loading, of the early implant loading regime on
peri-implant bone remodeling in the cortical host bone and on the bone formation in
the marrow zone was investigated. The exact strain at the upper cortical implant inter-
face in response to loading was experimentally calculated from cadaver strain gauge
measurements. Findings can be summarized as follows: (1) the guinea pig model as
a model for cortical bone remodeling and medullar tissue differentiation to early
implant loading was validated. Application of moderate loads during implant osseoin-
tegration promoted bone formation in the adjacent bone marrow cavity, at the implant
side under compression loading, but did not affect the cortical bone; (2) the positive
effect of early mechanical stimulation increased with increasing force amplitude and
decreasing frequency. The most pronounced stimulation of bone formation in the
marrow surrounding the implant was observed for low-frequency stimulation (3 Hz)
with low level peri-implant strains (350—540 pe); (iii) the strain levels exerting an
anabolic effect on the peri-implant bone lie far beneath the level of minimum effective
strain resulting in bone formation, as proposed by Frost [46]. This finding confirms that
extrapolation of the gathered knowledge on the parameters of mechanically mediated
bone modeling to the bone biology around osseointegrating implants should be
performed with caution.

In another animal model, the potential of high-frequency loading on peri-implant
tissue regeneration and osseointegration was evaluated in Wistar rats. The tested
loading regimes differed in loading magnitude, frequency, duration, and mode
(whole-body vibration, direct implant loading, and indirect implant loading).

First, three consecutive experiments were performed to assess the effect of indirect
high-frequency loading via whole-body vibration on peri-implant bone remodeling
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Control Test

Figure 8.2 Histological sections of implant from the rats that underwent whole-body vibration
(test) compared with the unloaded rats (control) after 7 and 25 days of healing. Stevenel’s blue
and Von Gieson’s picrofuchsin stain; scale bars, 1 mm [47].

[47—49]. Both bone-to-implant contact and peri-implant bone fraction increased
significantly in the case of loading with a stepwise frequency band from 12 to
150 Hz at 0.3 g for 10 min/day [47] (Fig. 8.2).

When the loading session was shortened to 1 min 15 s, 2 min 30 s, 5 min, and twice
1 min 15 s (with a 4-h load-free time interval), the stimulating effect of high-frequency
loading on bone-to-implant contact and peri-implant bone fraction was confirmed [48].
Among the tested loading conditions, the session with a load-free interval presented
the most significant effect.

To investigate the combined effect of whole-body vibration frequency and accelera-
tion, different loading protocols were tested. For all combinations (i.e., 12—30 Hz at
0.3 g,70—90 Hz at 0.3 g, 70—90 Hz at 0.075 g, 130—150 Hz at 0.3 g, and 130—150 Hz
at 0.043 g), the loading combination with the highest frequency and acceleration
(e.g., 130—150 Hz at 0.3 g) displayed the most favorable effect on bone-to-implant con-
tact and peri-implant bone fraction, compared with the other test groups [49].

Besides whole-body vibration, another indirect loading protocol was performed
whereby an implant-containing long bone was compressed through its axis with forces
ranging between 0.5 N and 20 N [50] (Fig. 8.3). The controlled compression was
applied at both high (40 Hz) and low (2 Hz) frequency. Higher loading magnitudes
(and accompanying elevated tissue strains) were required under low-frequency loading
to provoke an anabolic peri-implant bone response compared with high-frequency
loading. A sustained period of loading at high-frequency was needed to induce
enhanced osseointegration.

Also the effect of direct implant loading was evaluated by means of a displacement-
controlled implant loading through the implant axis [51] (Fig. 8.4). Four loading
regimes were applied in this study: (1) (high frequency low magnitude) HF-LM,
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Figure 8.3 Indirect implant loading by means of compression of the implant-containing bone
(tibia) through its long axis [50].

Figure 8.4 Direct implant loading [51].
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40 Hz—8 um; (2) HF-HM, 40 Hz—16 pm; (3) LF-LM, 8 Hz—41 um; (4) LF-HM,
8 Hz—82 pm. The stimulatory effect of immediate implant loading on bone-to-implant
contact was only observed in case of high-frequency (40 Hz), low-magnitude (8 pm)
loading. The applied load regimes failed to influence the peri-implant bone fraction.

This series of studies confirmed the role of mechanical loading in peri-implant bone
regeneration and remodeling. Although an influencing role was observed for all
loading modes, the anabolic effect of whole-body vibration was superior.

Detailed information about the quantification of the mechanical parameters from the
results of clinical studies on immediate and early loading is lacking because none of
these studies have actually targeted these factors in a quantitative manner. Therefore,
the results of the series of controlled and quantified implant loading animal studies
contribute to the advanced understanding of the mechanobiology of implants subjected
to immediate or early loading. Evidence was provided for the sensitivity of bone forma-
tion and resorption to the mechanical conditions at the peri-implant site. Implant loading
can be performed immediately or early after the insertion without disturbing the biolog-
ical osseointegration process and can be beneficial for peri-implant bone formation.
An optimal bone response to immediately or early loaded implants may thus be
determined not only by the primary stability of the implant and by the host bone char-
acteristics, but also by the individual loading parameters and by an optimized load trans-
fer through appropriate implant design and surface features. These findings should
reinforce continued well-designed and fundamental research on immediate and early
implant loading, as this loading protocol benefits many patients to a great extent.

8.3 Implant loading after osseointegration

Once implants are integrated and placed by attaching a prosthetic superstructure, they
are subjected to various influences such as patient habits (e.g., smoking, nutrition, par-
afunction, microbial load, mechanical load). It is not feasible to measure the sole effect
of implant loading and literature does not provide insight into the effect of mechanical
loading alone on peri-implant tissue response or implant outcome. Nevertheless, review
studies report high survival rates and limited peri-implant bone loss after medium-term
[96] and long-term [97] function of oral implants, thereby indicating that physiological
loading does not per se compromises osseointegration. Nevertheless, mechanical
loading has long been looked at as a potential threat to osseointegration [1].

A systematic review on the effect of occlusal overload on bone/implant loss was pub-
lished by our group in 2012 [52]. This article evaluated studies on the effect of (over) load
of already osseointegrated implants on peri-implant bone loss and/or implant failure.

8.3.1 (Clinical research

Clinical observations have fed the idea that occlusal forces on osseointegrated oral im-
plants can result in marginal bone loss or even implant failure [53,2]. Several studies,
therefore, evaluated the effect of the so-called overload on peri-implant bone behavior
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and implant prognosis. The term “implant overload” as often used in literature,
however, can be misleading for several reasons. First, although occlusal implant
loading can be measured at the level of the prosthesis/abutment, it is uncertain what
the resultant stresses and strains are at the level of the bone—implant interface. Numer-
ical models that simulate occlusal load transfer to the bone—implant interface indicate
that a certain occlusal load can result in varying stresses and strains at the interface
depending on the chosen boundary conditions (e.g., bone mechanical properties,
fixation of the simulated bone to the implant). So as long as stresses and strains cannot
be measured at the interface itself, the impact of a certain occlusal load on the interface
remains uncertain. Second, even if the overload magnitude (>3000 pe) as coined by
Frost [6] is considered, it overlooks the influence of the other load parameters
(such as loading frequency, duration, etc.) that are known to affect peri-implant
bone behavior and implant prognosis. The above-mentioned aspects should be kept
in mind when reading literature on implant overload.

In the review on occlusal overload and bone/implant loss [52], the review of Kline-
berg et al. [54], although possessing a high level of evidence owing to its design, was
excluded, because it only indirectly dealt with the issue of overloading since they
specifically searched for the choice of a particular occlusal design in tooth and implant
supported prostheses and full dentures.

Three clinical trials characterized by high evidence-ranked study designs were found;
one randomized controlled trial [55], one controlled clinical trial [56], and one cross-
over study [57]. Jofré et al. [55] and van Kampen et al. [57] both dealt with the effect
of maximum bite forces on the marginal bone loss in two-implant mandibular overden-
tures. A real effort to quantify forces was performed in these studies, but this was done at
prosthesis level thereby leaving the magnitude of overload at the implant level unde-
fined. Vigolo and Zaccaria [56] compared splinted (single tooth replacement) with
unsplinted (fixed partial prostheses) implants in the posterior maxilla. In none of the
above-mentioned review/studies was bone loss related either to the magnitude of the
bite forces or to the splinting of the implants. An additional nine cohort studies
(four pro- and five retrospective studies) and four case series were discussed in the sys-
tematic review, although they were excluded due to high risk of bias. Eventually all
these clinical studies could neither evidence nor refute a cause-and-effect relationship
between bone loss and the so-called overload as they were considered to be prone to
high risk of bias. Either they lacked any definition for measuring occlusal overload or
wear was used as a surrogate for occlusal overload although wear is not the result of
grinding only (quid; erosion, abrasion, material selection, etc.). Alternatively, the antic-
ipation of the overload status was based on the absence of bilateral contact in the
posterior area in the maximal intercuspal position and the lack of balanced occlusion
during excursions or on the patients’ reporting of bruxism.

Fifteen review articles on the topic have been published so far. These were excluded
from the systematic review because they did not meet the inclusion criteria. However,
their conclusions are briefly summarized here. The review articles did report both on
clinical and on animal studies. Two review articles did not deal with overload but with
adaptive bone modeling and remodeling of functionally loaded implants [58,59]. For
the remaining 13 articles, two opposite trends could be distinguished. One group of
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authors reported that although the results were conflicting and bias was at high risk,
animal experimental studies have shown that occlusal loads might result in marginal
bone loss around oral implants or complete loss of osseointegration. In clinical studies
an association between the loading conditions and marginal bone loss around oral
implants or complete loss of osseointegration has been mentioned, but a causative rela-
tionship has not been shown [60]. Cehreli and Akg¢a [61] concluded that overloading
and stress shielding have often been cited as the primary biomechanical factors leading
to marginal bone loss around implants, although there is no consensus on these factors.
Eventually, Lobbezoo et al. [62,63], Johansson et al. [64], and Manfredini et al. [65] all
concluded that there is a lack of support to refute a causal relationship between
bruxism and implant failure. The other group of authors [1,66—71] all suggested over-
load to be an etiological factor in peri-implant bone loss. Therefore, although this
occlusal overload concept does not negate other factors related to marginal bone
loss, it was anticipated that the restorative dentist is able to impact this condition
more extensively than most or any other factors. Methods to decrease occlusal stress
to the implant prosthesis are therefore warranted.

In general, the level of clinical evidence on the impact of mechanical load on peri-
implant bone behavior and implant failure is low and inconclusive. One may wonder if
overload as such can ever be applied in clinical studies, because the opportunity to test
such a hypothesis in humans remains inappropriate and unethical. Most of the knowl-
edge in this field, therefore, is derived from animal experimental studies.

8.3.2 Animal experimental research

The studies of Hoshaw [72] and Isidor [73,74] were the first to indicate a possible role
of implant overload in peri-implant bone loss and implant failure. In, for example,
Isidor’s studies [73,74], five implants were placed in each of four monkeys. Two
implants per animal were “overloaded” by means of supraocclusion, whereas the other
three were infected using ligatures. A total of 75% of the overloaded implants became
mobile, whereas marginal bone loss but lack of mobility was observed around the
infected implants. Also we found marginal bone resorption when loading dynamically
beyond 4000 microstrain (Fig. 8.5) in the rabbit tibiae [75]. Such high strains were
exerted through application of 1.5 kg on a distance of 50 mm from the implant top
in the proximodistal direction by means of a beam mounted on the implant
(Fig. 8.6). Finite element analyses (Figs 8.7 and 8.8) indicate highest strains in the
direction of the loading, which results in bone resorption as confirmed by histological
(Fig. 8.5) and microcomputed tomography analyses (Fig. 8.9).

Chambrone et al. [76] published a systematic review in 2010 on animal studies
evaluating the effect of occlusal load on the peri-implant tissue health of osseointe-
grated implants. The authors reported that, despite the application of stringent inclusion
and exclusion criteria, the selected studies still were at high risk of bias. The following
conclusions were drawn: (1) it is not well established if an excessive occlusal load
catabolically affects osseointegration when adequate plaque control is performed.
Inversely, overload seems to increase bone density around dental implants; (2)
overload might play a key role in the development of peri-implant tissue breakdown
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Figure 8.5 Picture of remaining bone around the marginal part of a dynamically loaded implant
showing resorption lacunae starting lateral to the implant surface due to high strains (>4000
microstrain) in the peri-implant bone. Toluidine blue staining; scale bar, 100 um [75].

when plaque accumulation is present; (3) although studies with a well-designed
methodology were selected, few were available for meta-analysis and no RCTs
were conducted. The main reason for exclusion of all but two animal studies in the
referred review was the fact that splinted instead of single implants were used. One
may wonder if this is a valid exclusion criterion since overload cannot be the
exclusivity of single restorations only.

For the review by Naert et al. [52], two unburdened exclusion criteria were used: (1)
the absence of a strict control hygiene program (minimum 3x/week) and (2) the
absence of a genuine control condition in the experimental design. The rationale for
claiming meticulous plaque control is self-evident: the causal relationship between
oral plaque and peri-implant bone loss has repeatedly been demonstrated (see for
review [77,78]) and bacterial load as a confounding covariant warrants exclusion
when addressing the question of mechanical overload as a trigger for peri-implant
bone loss. The second requirement, a genuine control condition, forced the authors
to exclude many studies. A control condition was considered genuine or sham when
the experimental test (e.g., loading) condition was fully replicated, except for the
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Figure 8.6 Schematical drawing of the dynamic loading device: (a) test implant, (b) 7-mm
standard abutment, (c) metal beam that is mounted on the abutment, (d) strain gauges which
record the deformation of the beam (connection with a personal computer allows recording and
visualization of the data) [75].

parameter under investigation (overload). This implies that the control implants must
have undergone abutment surgery (submerged implants were excluded), should have
been exposed to the same microflora, should have received the same plaque-control
regime, must have been restored with an identical prosthetic suprastructure, and
must have been subjected to physiological loading, either through occlusal or food
bolus contact. Three split-mouth studies were included in the review [79—83].
All studies were performed in the dog at the same anatomical site. Implants were
placed 12 weeks after extraction of the teeth in the mandibular premolar region and
a strict hygiene protocol was respected. Similar implant types with slightly varying
dimensions were used: Hi-Tec screw-type machined (10.0 x 3.75 mm [83]),
Branemark (7.0 x 3.75 mm [79]), and ITI hollow-screw nonsubmerged implants
(8.0 x 3.3 mm, [80]). All implants received delayed loading (12—16 weeks of heal-
ing). Dynamic “overload” in the study of Kozlovsky et al. [83] was performed via a
supraocclusal contact pattern resulting in an increased anterior vertical dimension of
at least 3 mm. To do so, the same abutments, but with varying lengths, were used
as prosthesis for both physiologically and supra-occlusal loaded implants, thereby
offering an acceptable sham-control group. A total of 16 loaded implants for two
experimental “overload” conditions resulted in eight implants/condition. Follow-up
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Figure 8.7 Equivalent strain (microstrain) distribution in bone, surrounding a dynamically
loaded implant. Highest strains occur at the distal (compressive) side. The arrow indicates the
load direction [75].

was repeated at 3, 6, 9, and 12 months. In the study of Hiirzeler et al. [79], dynamic
overload was created through a splint cemented on the antagonistic front teeth and
attached to an orthodontic wire construction fixed on the remaining mandibular
teeth, resulting in supraocclusal contacts. The occlusion of the implants not subjected
to trauma was maintained normal, thereby offering an adequate sham-control group.
A total of 20 implants for two experimental load conditions resulted in 10 implants/
condition. The experiment lasted 16 months. Moreover, for both referred studies,
the experimental set-up was such that the influence of overload could also be tested
in ligature-induced peri-implantitis conditions. An equal number of implants as
mentioned above, i.e., 16 and 20 implants for Kozlovsky et al. [83] and for Hiirzeler
et al. [79], respectively, installed at the contralateral mandibular side, received plaque
retentive ligatures, which remained in place throughout the whole experiment. Static
“overload” was performed in the study of Gotfredsen et al. [80] and more recently
by Ikumi et al. [84]. No detrimental effects of these static loads on the osseointegration
were observed. Gotfredsen et al. [80] even noted an anabolic loading effect.
Although different exclusion/inclusion criteria were set in the systematic review by
Naert et al. [52], the findings corroborate well with those of Chambrone et al. [76].
Indeed, there is a lack of association between overload and peri-implant tissue loss
in healthy conditions. However, the term “overload” is often used inappropriately,
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Figure 8.8 Equivalent strain (microstrain) distribution in a cross-section taken in a plane
parallel to the load direction through the implant center. The arrow indicates the load
direction [75].

Figure 8.9 Two-dimensional microcomputed tomography image of a dynamically loaded
implant, parallel (a) and perpendicular (b) to the long axis of the tibia. The arrow indicates the
load direction [75].
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since according to the definition by Frost [6], overload should lead to a catabolic
reaction of the bone. As shown by Kozlovsky et al. [83] and Gotfredsen et al. [80]
an anabolic rather than a catabolic effect of “overload” in bacterial unchallenged
peri-implant bone tissues was found. Thus it is anticipated that the strains in the
peri-implant bone evoked by the so-called “overload,” either by dynamic or by static
loading, were lying within the strain window of mild overload, resulting in bone gain.
Once again, this emphasizes that the use of correct semantics is of crucial importance
when communicating and interpreting results.

When the tissues surrounding the bone were exposed to inflammation, the same
strain magnitude was shown to be catabolic, as observed by Kozlovsky et al. [83]
where “overloading” aggravated the plaque-induced bone resorption. Hiirzeler et al.
[79] did not observe bone gain or bone loss in uninflamed versus inflamed peri-
implant tissues in response to “overloading.” The reasons may be related to the rather
limited orthodontic spring forces used onto these implants. Although initially named as
“mechanical trauma forces” in their study objectives, the authors appreciated the forces
as physiological when discussing their findings.

Once again, an important remark has to be made on the “overload” definition used
in the reported clinical and animal studies. Even when one raises the occlusion with
3—4 mm, increases the crown/implant ratio’s or isolates bruxers from nonbruxers,
as long as the stresses and strains are not measured at the bone—implant interface
one may only speculate about the real effect of the latter. Clinical indices concerning
the magnitude, the direction, the frequency, etc., are not available as they are for plaque
accumulation and peri-implant mucositis [85]. This renders it very difficult to correlate
occlusal loading and peri-implant tissue reaction. Animal experimental research, how-
ever, has this potential and several methodologies with external loading devices
enabling well-controlled and well-defined load application to explore the peri-
implant tissue response to mechanical stimuli have been proposed [39,72,75,
86—88]. In particular, loading devices used in extra-oral set-up offer excellent control
of the mechanical loading history. However, the latter studies were considered as
nonrelevant for the systematic reviews as the extra-oral implant site does not harbor
the oral microflora. On the other hand, the majority of the searched animal studies
with an intraoral implant location were defectively designed owing to the lack of
randomization and the lack of genuine control conditions. This opens perspectives
and motivates incentives for establishing guidelines and quality assessment tools for
animal experimental research (such as the ARRIVE guidelines [89]). It needs to be
kept in mind, however, that no matter how well-designed and performed an animal
experimental study is, the results cannot simply be extrapolated to the clinical situation
due to the many differences between animals and humans.

It is further worth mentioning that even when an animal study investigating the
effect of overload on peri-implant bone tissue would meet all criteria to be classified
as low-risk bias, it is still impossible to measure the exact strains the peri-implant
tissues are exposed to. Strain gauges experiments have tried to do so [90—92],
although these are in se invalid as the measured strains are strains at the bone surface
level and not at the bone—implant interface itself. Hence, for a better understanding of
the biomechanical conditions validated numerical modeling data can be of value.
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Finally, besides the peri-implantitis and the overloading hypothesis, Chvartsaid et al.
[93] proposed the healing/adaptation theory for explaining implant failure and/or bone
loss. They claim that marginal bone loss and implant failure depend on similar mecha-
nisms, with only the magnitude of the trauma deciding whether an implant may fail or/
and will result in marginal bone loss. The healing/adaptation theory sees adverse loading
or peri-implantitis to be, at best, part of the problem behind marginal bone loss. Other fac-
tors are also involved such as; (1) poor surgical techniques, (2) poor host beds owing to
genetical disorders, drug abuse, disease or previous irradiation, (3) too much strain from
implant misfit, bone cell adjustment or prosthodontic errors, or (4) smoking, allergies, or
similar conditions that disturb bone cells or their vascular supply. According to Wenner-
berg and Albrektsson [94], ongoing marginal bone loss may in case of implant micro-
movements evolve into something that may be termed as secondary peri-implantitis.
This secondary problem may, of course, need clinical treatment. They hasten to say
that this theory is more generally applicable to the true clinical situation than are hypoth-
eses of isolated peri-implantitis or overloading, the alleged reasons for marginal bone loss
in many experimental articles. The current review offers ammunition for this phrasing.

8.4 Concluding remarks

In this review, studies with various levels of evidence were discussed as—especially
on the topic of peri-implant bone overload—very few or no studies with a high level of
evidence such as systematic reviews or randomized clinical trials are available. Therefore,
also animal experimental research was considered to evaluate this clinically relevant topic.

The available literature indicates that immediate loading as such does not compromise
the establishment of osseointegration, although primary stability appears to be an impor-
tant determining factor. Animal experimental studies [26,27,40—43] indicate that interfa-
cial micromotion compromises the establishment of implant osseointegration. These
findings from animal studies corroborate with these from clinical studies [24,25,34,35]
by underlining the importance of sufficient primary stability for the implant prognosis
as this secures the healing tissue against excessive interfacial micromotion.

Whereas several animal studies [72—75] report a detrimental effect of excessive
load on peri-implant bone after osseointegration, this could not be observed in clinical
studies. This indicates that it is unlikely that implant overload is the reason for peri-
implant bone loss as it presents in many clinical cases. It does not necessarily mean,
however, that implant loading cannot affect peri-implant bone. It is unlikely that
excessive loads as applied in the described animal experiments would not lead to
peri-implant bone breakdown in clinical situations. Scientific obstacles (e.g., in vivo
quantification and qualification of the induced peri-implant strains) and ethical
objections, however, impede performing clinical research that allows us to answer
the question whether implant “overload” can lead to peri-implant bone loss and
implant failure. We are, therefore, unable to scientifically prove a possible detrimental
effect of excessive implant loads in the same way as we are unable to prove that Frost’s
mechanostat [6] would not apply to the peri-implant bone.
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9.1 Introduction
9.1.1 Dental implant materials
9.1.1.1 Brief history

The earliest chronologies of implant materials date back to two ancient civilizations,
around 500 years ago when the Incas of Peru used gold and silver to repair trephination
defects and in Egypt [1] where carved seashells and/or stones were placed into the hu-
man jaw bone to replace missing teeth. Other documented examples of early implants
are those fabricated from noble metals and shaped to recreate natural roots. Petronius
offered an early description of the use of alloplastic materials in 1565 when he
described the closure of a cranial defect with a gold plate. Over the next 300 years,
the use of implants was sporadic and often complicated by infection.

The use of man-made materials as bioimplants did not become widespread until the
1940s, when advances in biomaterial science led to the development of numerous ma-
terials suitable for implantation. Alloplastic implantation is indicated for the stabilization
of fractures and for the reconstruction or augmentation of soft tissue defects or bony
deformities. Searching for the ideal material was a challenge: it should not produce
foreign body inflammatory response and it should discourage the growth of microorgan-
isms. Besides, it should be sterilizable, nontoxic, nonallergenic, noncarcinogenic, and
biologically compatible. Other criteria for the ideal implant material include resistance
to strain and deformation, ease of removal, ease of shaping into the desired form,
and, in certain circumstances, radiolucency [14].

Contemporary dental implant history starts during World War II. During his years in
the army, Dr Norman Goldberg worked about dental restoration using metals that had
been used to replace other parts of the body [2,3]. After afew years, in 1948, in partnership
with Dr Aaron Gershkoff, they produced the first successful subperiosteal implant [2].
This success became the foundation of implant dentistry and they also became pioneers
in teaching techniques in dental schools and dental societies around the world [2—4].

A milestone in dental implantology development occurred in 1957; Per-Ingvar Bra-
nemark, while studying bone healing and regeneration, discovered that the bone could
grow in proximity with the titanium (Ti) and that it could effectively be adhered to that
metal without being rejected [5]. Therefore, Branemark called this phenomenon
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“osseointegration,” and he carried out many further studies using both animal and hu-
man subjects. In 1965, he placed the first Ti dental implants into a 34-year-old human
patient with missing teeth due to severe chin and jaw deformities. Branemark inserted
four Ti fixtures into the patient’s mandible and several months later he used the fixtures
as the foundation for a fixed set of prosthetic teeth [4]. The dental implants served for
more than 40 years, until the end of the patient’s life [2—7].

Branemark published many studies on the use of Ti implants, and between 1978
and 1981 [8,9], he cofounded a company for the development and marketing of dental
implants. Branemark’s discovery had such a profound impact in dentistry that, to the
present day, over 7 million Branemark System implants have been placed, even
though hundreds of other companies produce dental implants [6,7].

Back to the early 1980s, Branemark presented the results of his 15 years of human
and animal research at the Toronto Conference on Osseointegration in Clinical
Dentistry. After the conference, researchers from the United States were trained in Bra-
nemark’s methods in Sweden [4,10].

The 1980s showed new developments; US Food and Drug Administration
approved the use of Ti dental implants and, in 1983, Dr Matts Andersson developed
the Procera (Nobel Biocare, Zurich, Switzerland) computer-aided design and
computer-aided manufacturing method of high precision, repeatable manufacturing
of dental crowns [11]; the quality and anchorage of materials and techniques was
improved [1]. During the mid-1980s, esthetic restorations became the main focus of
important developments in dental implantology [4].

In the 1990s, the development of modern ceramics was also significant in setting
new implant materials; during the same decade, dental implant companies incorpo-
rated ceramic surface treatments and ceramic-like elements to implants so as to
enhance osseointegration [11—15].

Nowadays, tens of thousands of osseointegrated dental implants are placed every
year, with an expectation of 95% success rate (in the case of single tooth replace-
ment with an implant supported crown), with minimum risks and associated com-
plications [4].

9.1.1.2 Classification

There are different types of dental implant and available materials, shapes, and surface
characteristics. The most diverse designs and surface modifications have been devel-
oped to improve clinical outcomes, including a subperiosteal form, blade form, ramus
frame, and endosseous form [16]. Several parameters in the design of endosseous im-
plants affect their survival rate: body shape, size, chemical surface composition, and
topographical features among others.

Typically, the most common implant materials include metals, calcium ceramics,
polymers, and biologic materials. Nevertheless, the market is in constant
transformation. The materials that promote biocompatibility, bioacceptance, and
implant failures are a rare occurrence, provided that they are properly used and placed.
For better understanding and better treatment we must know the materials and bone
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reaction toward them, as there is no single material that features all the desired prop-
erties of implant so far.

Pure Ti and Ti alloys are the most common material when it comes to dental
implants because of their well-balanced combination of mechanical strength, chemical
stability, and biocompatibility [17]. Basically, they are made out of grade 4 commer-
cially pure Ti. However, Ti alloys, mainly Ti6Al4V, are also used since they are
stronger, more fatigue resistant, and stronger than other grades of pure Ti [18,19]. Inte-
gration of titanium implants with the surrounding bone is critical for successful bone
regeneration and healing of dental implant.

Alternative materials used in dental implants are 316L stainless steel and CoCR-
Mo. PMMA (polymethyl methacrylate) and culture polystyrene and ceramic coatings
such as hydroxyapatite and borosilicate glass seem to improve the ingrowth of bone,
while promoting chemical integration of the implant with the bone.

9.1.2 Endosseous dental implants and osseointegration

The concept of osseointegration was discovered by Branemark and his coworker [8]
and it has had a pronounced impact on clinical treatment of oral implants. Osseointe-
gration is the direct and stable anchorage of an implant due to the formation of bony
tissue around the implant (Fig. 9.1). A number of systemic and local factors influence
the production of an osseointegrated interface and therefore the stability of the implant.

The purpose of placement of endosseous dental implants is to achieve short- and
long-term outcomes of osseointegration or biointegration of the bone with the implant,
with faster and stronger bone formation. This will likely confer better stability during
the healing process, which, preferentially, will improve the clinical performance in the
area of poor bone quality and quantity while playing an important role in molecular
interactions and cellular response. Initial events at the surface include the orientated
adsorption of molecules from the surrounding fluid, creating a conditioned interface
the cell responds to. Furthermore, such promotion may, in turn, accelerate bone heal-
ing, allowing immediate or early loading protocols.

Soft
issue
Osseointegrated
Bone implant
Percutaneous

implant

Figure 9.1 Osseointegrated implant for prosthetic attachment.
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Therefore, one of the main objectives of the implant materials is to promote osseoin-
tegration. Only a few implant materials promote osseointegration and biointegration, as
it is the case of Ti and Ti alloy (Ti6A14V). The long-term success of Ti alloy dental
implants [20] largely depends on two factors; the first one is the rapid healing process
and safe integration into the jaw bone (osseointegration) [21]. The surface topography
of the Ti alloy is crucial for the long-term success of dental implants. The second key
factor is the ability of surface titanium oxide to osseointegrate. In the last decade, treat-
ments for Ti implant materials have been developed in a concentrated effort to improve
the osseointegration process [22]. It has been recently shown that changes in the phys-
icochemical properties of Ti alloy implants result in significant modulation of cell
recruitment, adhesion, inflammation, and bone remodeling activities, in addition to
regulation of the bone formation response [23]. The oxide limits dissolution of elements
and promotion of the deposition of biological molecules that allow the bone to exist as
close as 3 nm from the implant surface are two key factors of Ti success. However, two
important details remain undefined, that is, the details of the ultrastructure of the gap
between the implant and bone and the effect of elements that are released on the inter-
face. These areas of investigation are particularly important in defining the differences
between commercially pure titanium implants and those made of titanium, aluminum,
and vanadium. Outstanding matters in dispute are the characteristics and mechanisms
of these coatings, which are complex and affect the bone response and the degradation
of the coatings [24].

Progress in dental implantology is likely to continue so as to clarify the nature of the
interface between the material and bone and to develop biological molecules and
artificial tissues. Scientists all over the world have deployed second-generation
implants with engineered surfaces that can accelerate and improve implant osseointe-
gration. This second wave of clinically used implants can feature surfaces that are
mechanically blasted, acid etched, coated with bioactive molecules, anodized, and,
more recently, laser modified [25—28]. These implants have been extensively docu-
mented in vivo, including long-term clinical studies and experimental histological
and biomechanical evaluation in animal models. Additional information in clinical
results of commercially available implants can be found [29—31].

9.1.3 Peri-implantitis and re-osseointegration

Peri-implantitis is an “inflammatory process around an implant, characterized by soft
tissue inflammation and loss of supporting bone” [32] and peri-implant diseases are
becoming a major health issue in dentistry [33]. Peri-implantitis is an opportunistic
infection caused by bacteria (Fig. 9.2).

Biofilms form on all hard, nonshedding surfaces in an aqueous environment, such
as implants in fluid systems. However, bone loss is a potential complication for dental
implants once inflammation of the gum and dental tissue around the implant sets in due
to bacterial infection. The advantageous dental implant surface properties, i.e., the high
reactivity of the oxidized titanium that allows cellular adhesion, are altered by the
presence of bacteria and the residues of their metabolic activity. Thus, the contami-
nated surface acts as a foreign body and can lead to more inflammation of the soft
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Figure 9.2 Peri-implantitis formation on dental implants.

tissue and bone loss surrounding the implant. Despite the magnitude of this problem
and the potentially severe consequences, commonly acceptable treatment protocols
are missing. Similarities in the etiology and pathogenesis of peri-implantitis and peri-
odontitis suggest the utilization of similar treatment principles [34,35]. The treatment
of peri-implantitis involves surface decontamination and cleaning, may include surgi-
cal and nonsurgical approaches, either individually or combined, and systemic antibi-
otics may also be incorporated. These different treatments for peri-implantitis could
possibly be used in a strategic way to modify the implant surface and cause an
improvement in the host-to-implant response [36]. The available literature is still lack-
ing with large heterogeneity in the clinical response, thus suggesting possible under-
lying predisposing conditions that are not all clear to us. It is extremely important
to understand the effect of the different dental treatments on the surface properties
of the implant and whether these may accelerate the re-osseointegration of dental im-
plants during healing after peri-implantitis. The osseointegration of dental implants is
relatively long (3—6 months); therefore, surface modifications able to accelerate this
phenomenon will lead to shorter healing times, lower failure rates, and minimization
of discomfort for the patient [37]. In recent years, several treatment strategies
(mechanical, chemical, physicochemical, etc.) have been proposed for the infection
of the dental tissue around an implant (peri-implantitis) [38].

Peri-implantitis is becoming an ever growing oral health concern that is frequently
encountered in the dental office. The number of dental implants that are currently
placed annually is somewhat elusive; however, the best estimate available puts this
figure at around 15 million new implants (worldwide) every year [39]. Of these,
how many will eventually develop peri-implant diseases is also debatable [40—43]
due to the different patient variables such as smoking [44.,45], preexisting periodontal
disease [46,47], oral hygiene [48,49], quality of prosthetic reconstruction [50,51], and
some systemic conditions and medications [52,53]. Thus, with the current lack of
universally accepted criteria for the definition of peri-implantitis, the use of different
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thresholds is likely to produce different prevalence rates. However, even with the more
conservative estimates, the number of new implants that are likely to be affected by
peri-implant diseases every year is in the high million range, of which seven to eight
million are likely to develop peri-implant mucositis, whereas about three to four
million will develop peri-implantitis. Nevertheless, despite the magnitude of this
problem and the potentially severe consequences that may result from a nonresponsive
peri-implantitis condition, commonly accepted protocols are yet to be agreed upon.

On the other hand, although considerable bone fill may occur following treatment
of peri-implantitis, re-osseointegration appears to be limited and unpredictable. It is
important to evaluate the effects of various decontamination techniques and implant
surface configurations on re-osseointegration of contaminated dental implants. An
additional consideration should be the fact that anti-infective therapy must precede
any regenerative treatment. Anti-infective therapy may include good mechanical
plaque removal such as the application of antiseptics and administration of antibiotics
supported by an effective oral hygiene home care program, all of them being steps to
reduce the number of pathogens. As a complement to this, a bone regenerative treat-
ment may be indicated depending on the amount of bone lost, the defect morphology,
and the patient’s response and care.

Re-osseointegration is also influenced by rough surfaces [54], since it speeds up the
osseointegration rate [55] and favors both bone-to-implant contact and biomechanical
stability [18,56]. The quality of an implant surface can also influence both
osseointegration and re-osseointegration. In this line, Parlar et al. [57] demonstrated
that re-osseointegration failed to occur for implant surfaces exposed to bacterial
contamination, but consistently occurred when a pristine implant component replaced
the contaminated implant surface. However, the quality is not a key factor, since
osseointegration can occur on implants that were contaminated and cleansed by
different methods [58]. The cleansing of a previously plaque-contaminated implant
is sufficient for re-osseointegration to occur.

9.2 Decontamination methods: description
and applications

Dental personnel may be exposed to a broad range of microorganisms in the blood and
saliva of patients they treat in the dental operatory. These include Mycobacterium
tuberculosis, hepatitis B virus, staphylococci, streptococci, cytomegalovirus, herpes
simplex virus types I and II, human T-lymphotropic virus type III/lymphadenopathy-
associated virus, and a number of viruses that infect the upper respiratory tract.
Infections may be transmitted in dental practice by blood or saliva through direct con-
tact, droplets, or aerosols. Patients and dental health care workers have the potential of
transmitting infections [59].

Oral infection, especially periodontitis, may affect the course and pathogenesis of a
number of systemic diseases, such as cardiovascular disease, bacterial pneumonia,
diabetes mellitus, and low birth weight. Three mechanisms or pathways linking oral
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infections to secondary systemic effects have been proposed: (i) metastatic spread of
infection from the oral cavity as a result of transient bacteremia, (ii) metastatic injury
from the effects of circulating oral microbial toxins, and (iii) metastatic inflammation
caused by immunological injury induced by oral microorganisms. Periodontitis as a ma-
jor oral infection that may affect the host’s susceptibility to systemic disease in three
ways: shared risk factors; subgingival biofilms acting as reservoirs of Gram-negative
bacteria; and the periodontium acting as a reservoir of inflammatory mediators [60].
Bacteria from the oral biofilms may be aspirated into the respiratory tract to influence
the initiation and progression of systemic infectious conditions such as pneumonia.
Oral bacteria, poor oral hygiene, and periodontitis seem to influence the incidence of
pulmonary infections, especially nosocomial pneumonia episodes in high-risk subjects
[61].

It is recognized that infection-control strategies are important in preventing and
controlling hepatitis B, acquired immunodeficiency syndrome, and other infectious
diseases caused by blood-borne viruses [62—64]. The ability of hepatitis B virus to
survive in the environment [65] and the high titers of virus in blood [66] make this vi-
rus a good model for infection-control practices devised to prevent transmission of a
large number of other infectious agents by blood or saliva. Because all infected pa-
tients cannot be identified by history, physical examination, or readily available labo-
ratory tests [63], an extremely precise technical protocol should be routinely used in
the care of all patients in dental practices.

As mentioned earlier, the dental personnel suffer different pathologies because of
the exposition to different microorganisms. Therefore, it is necessary to use and better
understand the commonly exploited dental treatments to avoid and remove the micro-
organism and to improve the implants’ ability to re-osseointegrate, or the tendency of
bone to reintegrate into the implant material, during healing. The effects of various
odontological treatments, such as ultrasonication, jet polishing, laser illumination,
and chemical exposure on the implants’ surface roughness and chemistry will be
explained. When applied strategically, these dental methods may prove useful in
improving the chances for re-osseointegration of implants after the successful treat-
ment of peri-implantitis.

9.2.1 Methods

Several therapeutic approaches including mechanical, antiseptic, and air-abrasive
treatment, photodynamic treatment, sonic, and ultrasonic scalers, lasers, air—powder
abrasion, and various chemical solutions such as chlorhexidine digluconate (CHX),
citric acid, hydrogen peroxide, and saline were applied and tested for implant surface
decontamination (e.g., Schou et al. [67]). Although some of the above-mentioned in-
terventions may be effective, no consensus has been reached about the most effective
treatment for peri-implantitis [68,69].
The most relevant methods are shown below.
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9.2.1.1 Mechanical means (dental curettes, ultrasonic scalers,
air—powder abrasive)

Titanium brush and ultrasonic cleaning are the easiest to use under surgical conditions.
Cotton pellets with saline solution may be adequate for the cleaning of microrough sur-
faces (Persson et al. [70]). Similarly, Schou et al. [67] demonstrated in their
animal experiments that treatment of infected plasma-sprayed titanium surfaces
with air—powder + citric acid, gauze soaked saline + citric acid or gauze soaked
with CHX led to equal results.

9.2.1.2 Antiseptic and air-abrasive treatment

Air abrasives with sodium bicarbonate powder are capable of removing all viable cells
but are the least convenient due to the grit and mess in a flapped surgical site. Soaked
cotton pellets, air—powder abrasive, citric acid, delmopinol, chlorhexidine irrigation,
and rotating brushes with pumice alone or in different combinations were used [71—74].

For decontamination of the infected implant surfaces, rinsing with saline (or clean-
ing with cotton pellets soaked with sterile saline) and air-abrasive treatments seem to
work. Laser decontamination of the surface does not improve healing results. Nonsur-
gical therapy of implants with peri-implantitis does not lead to successful treatment
outcomes.

9.2.1.3 Physicochemical methods

The most common physicochemical treatments are chemical surface reactions (e.g.,
oxidation, acid-etching), sand blasting, ion implantation, laser ablation, coating the
surface with inorganic calcium phosphate, etc. These methods alter the energy, charge,
and composition of the existing surface but they provide surfaces with modified rough-
ness and morphology as well [75].

9.2.1.4 Ultrasound

Ultrasonic cleaning is a common technique of modern dentistry. It is used for both
periodontal and peri-implant treatments. The ultrasonic tip is made of very thin hard-
ened steel. Vibration induces a phenomenon called cavitation, which is the formation
of cavities or bubbles in a liquid medium containing gas or vapor. In addition, the
vibratory motion allows debridement, that is, the breakdown of microorganisms
attached to the surface of the tooth or implant [19].

9.2.1.5 Laser application

The most important reasons for laser application in the treatment of peri-implantitis
and for the oral implants success are the significant reduction in bacteria on the implant
surface and the peri-implant tissues during irradiation and that it is a minimally inva-
sive procedure to treat failing implants [76]. The laser decontamination of the surface
caused by CO; laser irradiation has been reported to pose a risk because of the temper-
ature increase of the implant surface. Then, it should be avoided for the removal of
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subgingival calculus since it causes melting and carbonization of the root cementum
[77]. Using the LightWalker’s Er:YAG 2940 nm wavelength, it is possible to clean
the granulation tissues, both on the bone and implant surfaces, and thoroughly decon-
taminate the infected site. Er:YAG does not promote excessive heating [78] and is
considered efficient for implant surface decontamination [77]. Nevertheless, it can pro-
duce temperature increase above the critical threshold to bone safety (10°C) after 10 s
[79]. The erbium laser targets the water content to remove the granulation tissue selec-
tively due to its ability to use long-pulse durations and low peak power, while ablating
the microorganisms on the surface of the bone. The bactericidal effect of low-power
Er:YAG on the surgical site is also effective against endotoxins and lipopolysaccha-
rides, which provide the complete cleansing of the implant surface without chemicals
or any surface modification on the implant. Er:YAG is also used with shorter pulse
durations to activate bleeding and decorticating the bony wall of the defect.

On the contrary, Er,Cr:YSGG was reported [80] to be safe to titanium and zirconia
material, but decontamination of the surface does not improve healing results. Er,Cr:
YSGG laser irradiation used to decontaminate the implant surface is expected to have
a different behavior in the oral cavity where the presence of water of the gingival fluid,
saliva, and blood is different from the in vitro situation. The wavelength of Er,Cr:YSGG
laser is highly specific to water and the behavior of the laser treatment to decontaminate
superficial implants can be different depending on the clinical situation. Although there
are few available studies, there is evidence of improved clinical results [81—82].

9.2.1.6 Photodynamic therapy

Photodynamic therapy (PDT) involves the use of light-activated dyes (photosensitizers).
When the photosensitizers are activated in the presence of oxygen they produce cyto-
toxic species, which are known to be effective against viruses, bacteria, and fungi.
Therefore, PDT can be used as a therapy for localized infections. PDT in dentistry
involves the application of a photosensitizer gel. The photosensitizing gel produces
free oxygen radicals, which are highly reactive when in contact with the cell walls of
microorganisms and, thus, toxic to them. This therapy is often used for peri-
implantitis treatment and several studies have demonstrated a high bactericidal effect
of this process being a valuable alternative to conventional mechanical procedures
[83—86]. To date the phenothiazine dyes (toluidine blue O and methylene blue) are
the major photosensitizers that have been used clinically. Both are very effective photo-
sensitizing agents for the inactivation of Gram-positive as well as Gram-negative peri-
odontal pathogenic bacteria [87]. In this study, the Ti alloy implant samples were
covered with a toluidine blue gel, then illuminated (Application FotoSan Lamp at
570 nm), left to stand for 1 min (100 pg/mL), then illuminated a second time (applica-
tion of a soft laser 906 nm), and finally rinsed with plenty of physiological saline.
Also, in the treatment of periodontitis, PDT alone showed similar improvements
when compared to deep scaling and root planning [84]. The application of antimicro-
bial PDT can effectively reduce the prevalence of pathogens on implant surfaces
without causing any deleterious defects on the implant bone surfaces [88,89]. However,
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studies on patients are limited and clinically significant effects of antimicrobial PDT
have not yet been demonstrated.

Currently, the clinically used dyes do not differentiate between bacteria and host
cells. Thus, activation of PDT by lasers also causes damage to the host cells since it
does not specifically react only with pathogens.

9.2.1.7 Biochemical methods

In addition to the physicochemical methods, biochemistry is generating a lot of excite-
ment. Today we struggle to produce biomaterials that interact with specific targets
within the body or mimic tissue architecture. It is well known that biological systems
have a highly developed ability to recognize special features of the surface on the mo-
lecular scale. We look to nature when we design “biomimetic” materials to understand
how cells interact with other cells, extracellular proteins, and tissues. This knowledge
is then utilized to develop biomimetic strategies for functional, interactive biomate-
rials. These strategies include biodegradable and “smart” materials used in targeted
drug delivery systems and tissue engineering, as well as biochemical modifications
of biomaterial surfaces for implant or wound-healing applications [90,91]. The aim
of biochemical methods applied to implants is to immobilize biomolecules
(i.e., peptides, proteins, enzymes) on the surface to ensure specific cell and tissue re-
sponses (adhesion, signaling, stimulation) and to control the tissue—implant interface
with molecules delivered directly there [92—95].

9.3 Implant surfaces and bone response
after decontamination

9.3.1 Introduction to surface features

Surface roughness evaluation is very important for many fundamental problems such as
friction, contact deformation, electrochemistry, heat and electric current conduction,
tightness of contact joints, odontology, and positional accuracy. For this reason surface
roughness has been the subject of experimental and theoretical investigations for many
decades. The real surface geometry is so complicated that a finite number of parameters
cannot provide a full description. If the number of parameters used is increased, a more
accurate description can be obtained. Surface roughness parameters are normally catego-
rized into four groups according to its functionality. These groups are defined as ampli-
tude parameters, spacing parameters, hybrid parameters, and functional parameters.

Each component of surface texture has a different origin and effect in the interaction
of the surface. Surface texture of any material can be separated in different component
wavelength (Fig. 9.3).

Roughness parameters can be calculated in either two-dimensional (2D) or three-
dimensional (3D) forms. 2D profile analysis has been widely used in science and en-
gineering for more than half a century. In recent years, there was an increased need for
3D surface analysis.
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Figure 9.3 Surface texture components. Each component has a different effect depending on
their interaction with the surface.

Smooth (polished, Ra < 0.5 pm) surfaces facilitate the epithelial cells attaching,
cell growth, spreading, and the production of focal contacts on Ti surfaces [96]. There
is a threshold surface roughness for bacterial retention (Ra = 0.2 um) below which no
further reduction in bacterial accumulation could be expected, whereas an increase in
surface roughness above this threshold roughness resulted in a simultaneous increase
in plaque accumulation, thereby increasing the risk for both caries and periodontal
inflammation [97]. On the other hand, fibroblasts adhere as well to rough and even
smooth surfaces [98]. In addition, the surface roughness and the oxide thickness affect
the rate of bone adhesion in the early stages of implantation (1—7 weeks) [99,100].

Roughened surfaces may advantageously be applied to a variety of medical im-
plants, including orthopedic implants, dental implants, cardiovascular implants, and
so on. For orthopedic and dental implants, the rough surface facilitates interlocking
of the implant with bone, tissue, or bone cement. This tends to minimize micromotion,
a phenomenon that results in loosening of the implant. Roughened surfaces on
cardiovascular implants promote desirable cell attachment, which has been linked
with a reduction in thrombus response.

The growing of micro- and nanotechnologies is having a revolutionary and funda-
mental impact on surface engineering in implant dentistry and may represent a next gen-
eration of oral implant systems if possible to transfer to complex three-dimensional
geometries.

Most implant systems are based on the fact that bone tissue can adapt to surface
irregularities in the 1—100 pm range and that altering the surface topography of an
implant can greatly improve its stability [101]. Textured implant, with a higher surface
area, has the ability to achieve better bone-to-implant contact and is used to
understand the effect of different types of textures and various methods of achieving
the textured surfaces. The goal of various surface textures and techniques is to enhance
the bone growth toward the implant surface. Surface treatments, such as titanium
plasma-spraying, grit-blasting, acid-etching, anodization, or osteoconductive calcium
phosphate coatings, promote bone healing and apposition, leading to the rapid
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biological fixation of implants thanks to the increasing surface roughness. Most of
these surfaces are commercially available and have proven clinical efficacy (>95%
over 5 years) [102]. Implant surfaces with microtopographies have shown a greater
percentage of bone-to-implant contact when compared with machined or polished ti-
tanium surfaces. However, high surface roughness may result in an increase in ionic
leakage as well as peri-implantitis [56].

The biological properties of titanium depend on its surface oxide film. Several
methods have been employed to alter the surface topography and surface chemistry
of the implant materials [103,104]. Elias et al. [105] show that if the surface
morphology and properties of titanium dental implants are modified by mechanical
and chemical treatments, the biological properties change since they depend on the
Ti surface oxide film generated by the treatments that increase implants surface rough-
ness and decrease the contact angle. It was found that (i) acid etching homogenized the
surface roughness parameters; (ii) the anodized surface presented the smallest contact
angle; (iii) the in vivo test suggested that, in similar conditions, the surface treatment
had a beneficial effect on the implant biocompatibility measured through removal tor-
que; and (iv) the anodized dental implant presented the highest removal torque.

Another parameter influenced by the roughness is bacterial plague retention since
the primary aim of the surface texturing or treating is to enhance cellular activity
and improve bone apposition [106,107]. Furthermore, microsurface roughness strives
to enhance the osteoconduction through changes in surface topography and osteoin-
duction along the implant surface by utilizing the implant as a vehicle for local delivery
of bioactive agents [108]. Plasma-etched surface also shows similar results; however,
it is no better than surface topographies created by sand blasting or acid etching [109].

The precise role of surface chemistry and topography on the early events in dental
implant osseointegration remains poorly understood. In addition, comparative clinical
studies with different implant surfaces are rarely performed. The future of dental
implantology should aim to develop surfaces with controlled and standardized topog-
raphy or chemistry. This approach will be the only way to understand the interactions
between proteins, cells, tissues, and implant surfaces. The local release of bone stim-
ulating or resorptive drugs in the peri-implant region may also respond to difficult clin-
ical situations with poor bone quality and quantity. These therapeutic strategies should
ultimately enhance the osseointegration process of dental implants for their immediate
loading and long-term success.

9.3.2 Microscopy techniques for analysis of surface roughness

The real surface geometry is so complicated that a finite number of parameters cannot
provide a full description. If the number of parameters used is increased, a more accu-
rate description can be obtained. Surface roughness parameters are normally catego-
rized into four groups according to its functionality: amplitude, spacing, hybrid, and
functional parameters. Each component of surface texture has a different origin and
effect in the interaction of the surface.

The surface roughness of implants can be divided into macro-, micro-, and nanosized
topologies [ 110]. Macrotopographic profiles of dental implants have a surface roughness
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in the range of millimeters to microns. Because the size of the topography is large
(roughness more than 10 pum), it is directly related to implant geometry (e.g., threaded
screw, solid body press-fit designs, and/or sintered bead technologies) [6,102,108].
Macrosized topographies with highly rough surfaces help in the initial implant stability
and provide volumetric spaces for the growth of bone [56,108]. The microtopographic
profiles of dental implants have a surface roughness in the range of 1—10 um.

Different measuring instruments and techniques strongly influence the outcome of a
topographic characterization. Furthermore, a screw-type design introduces problems
for most measuring instruments. It is highly recommended to have a standard
procedure to compare values from one study with another, that is, standards for topo-
graphic evaluation of oral implants in terms of measuring equipment, filtering process,
and selection of parameters. It is suggested that the measuring instrument be able to
measure all parts of a threaded implant if the investigation relates to such a design.
Preferably, three-dimensional measurements should be performed. On screw-type im-
plants, tops, valleys, and flanks should be evaluated. At least three samples in a batch
should be evaluated, filter size must be specified, and at least one of each height,
spatial, and hybrid parameter should be presented [102].

The following types of microscopy are highly recommended for use.

Confocal microscopy (CM) [110a]: Optical microscopy is in a state of explosive
development. CM is one of the major metrological technologies used in the optical
reconstruction. The confocal technique is able to measure surface topography precisely
and reliably on the micrometric and nanometric scales. Confocal profilometers allow
height measurement of surfaces with a wide range of textures (from very rough sur-
faces to very smooth ones) by scanning the sample vertically in steps so that each point
on the surface passes through the focus. Since only one or a very small number of
points on the surface are illuminated simultaneously, an in-plane scan must be carried
out to build up the axial response, i.e., the confocal image, in each vertical step for all
the points falling within the field of view of the lens used (Fig. 9.4). In the confocal
mode, the profilometer can carry out measurements with an extraordinary lateral
resolution.

Atomic force microscopy (AFM) [110b]: AFM is based on the contact between a
microfabricated tip and the sample surface. As it is a scanning technique, the tip rasters
the sample resolving its fine details down to the nanometric level thanks to a tip apex
radius of ca. 5 nm. In a sense, it is the same principle used in a record player, where the
needle rides on the grooves of the vinyl record. As the piezo stage proceeds with the
scanning in the XY axis, the cantilever bends up or down (Z axis) and this finally be-
comes a change in the deflection position of a laser (Fig. 9.5).

Scanning electron microscopy (SEM) [110c]: The SEM consists mainly of a column,
a specimen chamber, a display and an operating device. The interior of the column is
kept under high vacuum and the electron beam produced by the electron gun is con-
verted into a fine beam via electromagnetic lenses (condenser and objective lenses).
By applying a scan signal to the deflection coils, the electron beam is scanned along
the sample surface. As a result of electron—matter interaction, some signals are gener-
ated: secondary electrons, backscattered electrons, characteristic X-rays, cathodolumi-
nescent light, and others. The SEM utilizes these signals to form images. Secondary
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Piezo stage

Figure 9.5 AFM schematics. The AFM probe tracks the sample surface, which is precisely
moved in the XY axis by means of a piezo stage. The deflection of the AFM probe is tracked
by a laser that reflects on a photodetector, which can detect probe movements in the
subnanometric range.

electrons are produced near the sample surface and reflect the fine topographical struc-
ture of the sample. Backscattered electrons are those reflected upon striking the atoms
composing the sample, and the number of these electrons depends on the composition
(average atomic number, crystal orientation, etc.) of the sample. The primary (exciting)
electrons may also be scattered inelastically by the atoms of the sample, ejecting
electrons of the inner-atomic shells and originating characteristic X-rays.

9.4 Summary and conclusions

This chapter attempted to explore the literature on dental implants materials, designs,
decontamination treatments, and the influence of surface topographies and roughness
of endosseous dental implant on the bone response after decontamination treatments.
Endosseous dental implants are available with various surface characteristics ranging
from relatively smooth machined surfaces to more roughened surfaces created by coat-
ings, blasting by various substances, acid treatments, or combinations of the treatments.
The purpose of placement of endosseous dental implants is to achieve short- and
long-term outcomes of osseointegration or biointegration of the bone with the implant,
with faster and stronger bone formation. A wide variety of materials has been used for
these implants, but only a few promote osseointegration and biointegration.
Titanium and titanium alloy (TJ6A14V) have been the most widely used for the
fabrication of oral implants, showing a wide variety of surface characteristics both
in terms of structural and chemical properties. The drive toward ceramic implants to



178 Bone Response to Dental Implant Materials

satisfy the increasing esthetic demands and metal-free request of some patients is
fraught with compromise.

Peri-implantitis is becoming an ever-growing oral health concern that is frequently
encountered in the dental office. Re-osseointegration is possible to obtain on a
previously contaminated implant surface and can occur in experimentally induced
peri-implantitis defects following therapy.

The surface modifications outlined above retain the key physical properties of the
implants and modify only their outermost surfaces with the ultimate goal of achieving
the desired biological response and may influence the degree of re-osseointegration.
Surface treatments are normally carried out to modify and yet maintain desirable prop-
erties of the substrate materials, especially in the dental implant industry.

Physicochemical, physical, and chemical surface decontamination techniques
should be applied alongside regenerative surgical procedures to obtain optimum
re-osseointegration and successfully treat peri-implantitis. These methods will help
us in understanding better how implant material surface modification affects the
bone—implant interface and the development of a method, which optimizes the im-
plant’s re-osseointegration properties during healing after the successful treatment of
peri-implantitis, the infection of the dental tissue surrounding the implant. It is not
completely clear the degree of influence of the surface roughness and chemistry
on osseointegration. The ideal degree of roughness for an optimal clinical perfor-
mance still remains unknown. The quality of dental implant depends on the proper-
ties of the surface. To have good osseointegration, material roughness of the surface
played an important role.

Different measuring instruments and techniques strongly influence the outcome of a
topographic and roughness characterization. It is highly recommended to have
a standard procedure to compare values from one study with another, that is, standards
for topographic evaluation of oral implants in terms of measuring equipment, filtering
process, and selection of parameters. It is suggested that the measuring instrument be
able to measure all parts of a threaded implant if the investigation relates to such a
design. Preferably, three-dimensional measurements should be performed. CM,
AFM, and SEM are highly recommended to be used to analyze topographic and rough-
ness parameters.
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10.1 Introduction

Osteoporosis is defined as a metabolic skeletal disease characterized by decreased
bone mass showing a deleterious effect that induces a degradation of the microarchi-
tecture of the bone tissue, caused by increase of the marrow spaces, resulting in
fragility of the bone tissue with subsequent greater risk of fractures [1]. The World
Health Organization defines it as a generalized disease of the skeleton characterized
by a decrease of 25% of bone mass; also osteopenia is a term that characterizes the
physiological bone mineral density decrease between 10% and 25% from the standard
condition as a precursor to osteoporosis [1].

Although it is defined by several factors such as calcium and vitamin D defi-
ciency, sedentary and genetic factors, the postmenopausal estrogen deficiency is
the major known etiology since estrogen regulates bone remodeling and the cessa-
tion of estrogen production induces a bone remodeling imbalance with bone resorp-
tion exceeding bone formation, leading to bone fragility and increasing the risk of
fracture [2].

Osteoporosis and the fractures associated with it are a major public health concern,
because of related morbidity and disability, diminished quality of life, and mortality.
The condition is responsible for about 1700 fractures a day (about 650,000 a year)
in the European Union [3], implying significant costs to public health systems mainly
due to the complications associated with it.

To attempt to prevent an increase in the rates of bone loss in osteoporotic pa-
tients, the antiresorptive therapy is frequently indicated [4]. However, in recent
clinical reports adverse events have been described such as complications in the
jawbones, mainly associated with bisphosphonates (BPs) [5]. This pathology
was defined as osteonecrosis of the jaws (ONJ), being an interesting and relevant
topic in oral medicine [6], oral surgery [7], and implant dentistry [8,9], as well as
the relationship with other systemic diseases such as sclerosis [10] and diabetes
mellitus [11].
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The present chapter aims to offer the most relevant information related to this topic,
in this manner helping clinicians, in the attempt to upgrade their knowledge baggage.
We will update the concept, diagnosis, and classification of ONJ due to BPs.

10.2 Concept, diagnosis and classification
of BP-associated ONJ

10.2.1 Background

BPs are stable pyrophosphate analogs that modulate bone metabolism and are gener-
ally used to treat certain diseases involving bone resorption, such as osteoporosis or
Paget’s disease (usually administered via the oral route), or hypercalcemia associated
to different malignancies such as multiple myeloma and bone metastases secondary to
solid tumors of the breast or other locations (via the intravenous route). BPs fundamen-
tally act by inhibiting bone resorption, with the limitation of osteoclast activity,
although they also exert an antiangiogenic effect [12,13].

Other antiresorptive drugs apart from BPs are also used to treat osteoporosis, mul-
tiple myeloma, and bone metastases. In this regard, denosumab an inhibitor of the re-
ceptor activator of nuclear factor kappa-B ligand (RANKL), a type II membrane
protein and member of the tumor necrosis factor (TNF) superfamily, it is know to af-
fects the inmune response and modulates the bone remodeling and regeneration, has
been included in the treatment guides as an option for preventing bone problems
(e.g., hip or vertebral fractures), and is administered via a subcutaneous route every
6 months for the management of osteoporosis [12,14].

However, the use of both BPs and other antiresorptive drugs can produce adverse ef-
fects in the form of gastrointestinal disorders or ONJ. The latter is defined as an area of
exposed or necrotic bone that fails to heal within 8 weeks in patients who have received
or are receiving BPs in the absence of radiotherapy in the cervicofacial area [15]. The
pathogenesis of ONJ remains unclear, although the suppression of osteoclast mediated
bone remodeling with consequent bone sclerosis has been suggested as the likely causal
mechanism. There is an increased risk of ONJ when BPs are administered in combina-
tion with antiangiogenic agents such as bevacizumab or sunitinib [16].

10.2.2 Prevalence and incidence
10.2.2.1 BPs for the treatment of osteoporosis

The prevalence of ONJ is far greater in patients treated with intravenous BPs than in
those who receive oral BPs; indeed, some authors consider the association between
oral BPs and ONJ to be insignificant [17]. As a result, the recommendations regarding
dental treatment (e.g., surgery or dental implant placement) in such patients can be
vague and lack supporting evidence [17].



Anti-resorptive treatment in osteoporosis 187

10.2.2.2 Oral BPs

The prevalence of ONJ varies greatly (0.001—0.10%), depending on the literature
source [18,19]. With a treatment duration of 4 years or more, the reported prevalence
is 0.21%, whereas the prevalence drops to 0.04% with shorter duration [18]. In a
European multicenter study involving 470 cases of ONJ due to BPs, a total of 37
(7.8%) were attributed to oral BPs prescribed for the treatment of osteoporosis [17].
The clinical significance of the oral route, therefore, should not be underestimated.
The incidence ranges from 1.04 to 69 cases per 100,000 patients/year [19]. Kiihl
et al. [20] recorded a mean incidence of 0.12%, whereas other authors [21] have
described incidences of between 0.0009% and 0.034%.

10.2.2.3 Intravenous BPs for the treatment of cancer

The prevalence of ONJ is greater in cancer patients treated with intravenous BPs, being
between 0% and 0.348% [19]. The incidence ranges from O to 90 cases per 100,000
patients/year [8]. The prevalence of ONJ in cancer patients treated with intravenous
BPs varies between 0.52% and 7.4%, depending on the source [14,16,22]. The inci-
dence in turn ranges from 0.8% to 12% [20,21].

On comparing denosumab with BPs in cancer patients, the former drug has been
found to offer lower bone events and it has superior safety in patients with kidney dis-
ease. However, the associated ONJ rate is similar to that observed with BPs and hypo-
calcemia is comparatively more frequent [23,24].

The systemic risk factors for ONIJ are the type of BP used, the administration route,
the duration of treatment, the cumulative dose, the background disease for which the
medication is prescribed, concomitant therapies (e.g., chemotherapy, corticosteroids,
antiangiogenic agents, etc.), patient habits (smoking, alcohol, etc.), gender, age, ge-
netic factors, and other disease conditions such as diabetes mellitus, rheumatoid
arthritis, hemodialysis, and so on [16,25].

The local risk factors in turn include dentoalveolar surgery (especially extractions)—
this being the leading risk factor for ONJ in cancer patients subjected to antiresorptive
treatment—as well as dental and periodontal infection, and removable dentures.
Anatomical factors (mandible, torus) also play a role [16,22,25].

10.2.3 Concept and diagnosis

A number of terms have been used in reference to the ONJ due to BP, including
BP-associated ONJ (BAONJ), BP-related ONJ (BRONJ), BP-induced ONJ (BIONJ),
BP-related ON (BRON), or simply BP osteonecrosis (BON) [26].

In 2003, the first cases of ONJ due to BPs were published by Marx [27] and since
then there has been a growing number of articles on this subject [28]. Since the year
2006, different societies and expert panels have proposed a number of clinical descrip-
tions for defining this new disease entity [29]. As an example, in 2006, the American
Dental Association considered the typical clinical presentation of ONJ to include pain,
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swelling of the soft tissues, infection, tooth mobility, suppuration, and bone exposure.
Likewise, in 2006, the Australia and New Zealand ONJ work group [30] underscored
the lack of a clear definition of the disease.

At the beginning, ONJ was described as an “area of exposed bone persisting for over
6 weeks.” The condition was to be suspected in patients with bone exposure in the
maxillofacial region following oral surgery. Other symptoms such as pain and infection
could also be present. In 2006, the American College of Rheumatology reported that
ONIJ typically manifests as an intraoral lesion with the exposure of white-yellowish
bone, sometimes associated to the presence of an intra- or extraoral fistula.

Likewise, in 2006, the American Association of Endodontists indicated that pa-
tients with ONJ present at least one of the following characteristics: ulceration of
the mucosa with bone exposure in the upper maxilla or mandible, pain or swelling,
infection and suppuration, or sensory alterations [29]. It is thus clear that no agreement
has been reached regarding the definition of this adverse drug event. In 2007, the
American Association of Oral and Maxillofacial Surgeons (AAOMS), in its position
document on BRONJ, defined the latter as the exposure of necrotic bone in the maxil-
lofacial region persisting for more than 8 weeks, in patients with current or past BP
therapy and no antecedents of radiotherapy of the maxillary region [31].

In the same year, the American Society for Bone and Mineral Research (ASBMR)
defined a “confirmed case” of BRONIJ as the presence of an area of exposed bone in
the maxillofacial region failing to heal within 8 weeks after having been identified by a
health professional in a patient with current or past treatment with BPs and no antecedents
of radiotherapy of the maxillary region. A “suspected case” in turn was defined as an area
of exposed bone in the maxillofacial region, present for less than 8 weeks, and identified
by a health professional in a patient with the same characteristics as described above [32].

In 2008, the Canadian Association of Oral and Maxillofacial Surgeons published a
consensus document with management guidelines referred to BRONJ in which the
“confirmed case” and “suspected case” definitions introduced by the ASBMR were
maintained [33]. In 2009, this same work group published a review on the subject
in which the same definitions were maintained without changes [19].

The AAOMS, likewise in 2009, published an update on the subject without modi-
fying the definition, which they had proposed 2 years earlier and has been maintained
up until 2014 [15]. However, the AAOMS did introduce a new stage (referred to as
stage 0) corresponding to patients with symptoms but no exposed bone. Colella
et al. and Bedogni et al., among others, considered that the term BRONJ should be
redefined to include patients in stage 0 [34,35].

Based on cases published by other authors and on the habitual clinical findings, they
suggested that the definition of BRONIJ should include not only cases with exposed
bone but also those with necrotic bone in which bone exposure has not yet occurred
[34]. Furthermore, they considered that the diagnosis and classification should be
based not only on the clinical picture but also on the radiological findings [34,35].
Other investigators such as Bagan et al., Junquera and Gallego, and Mawardi et al.
[28,36,37] suggested that ONJ may manifest in the absence of bone exposure, partic-
ularly in the early stages, with fistulas, pain, and radiographic alterations. On the other
hand, cases have been published in which ONJ has been associated to other
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antiresorptive agents such as denosumab or cancer drugs with antiangiogenic effects
such as sunitinib, sorafenib, bevacizumab, or sirolimus. As a result, some authors
have proposed other terms such as drug-induced ONJ or ONJ associated to antiresorp-
tive agents, in reference to this disorder [21,26].

In 2014, the AAOMS proposed a change in nomenclature in favor of the term
medication-related osteonecrosis of the jaws (MRONYJ) [25]. In addition, the AAOMS
update of 2014 criteria and modified its definition. In this regard, a patient is consid-
ered to have MRONJ if all of the following conditions are met [25]:

» Current or past treatment with antiresorptive or antiangiogenic drugs.

* Exposed bone or intra or extraoral fistulization in the maxillofacial region communicating
with the bone and persisting for more than 8 weeks.

* No history of maxillary radiotherapy or clear maxillary metastatic disease.

However, in 2015 the International Task Force on Osteonecrosis of the Jaw defined
ONJ as follows [38]:

* Exposed bone in the maxillofacial region that fails to heal in 8 weeks after identification by a
health professional.

* Exposure to an antiresorptive agent.

* No history of craniofacial radiotherapy.

The diagnosis is essentially clinical [39]. On the other hand, it must be taken into ac-
count that there may be one or more sites of bone exposure [40]. Furthermore, these sites
may remain asymptomatic for prolonged periods of time (weeks, months, or even
years), or some clinical signs and symptoms may manifest before ONJ is clinically
detectable and develops. Such signs and symptoms consist of pain, bone and/or gingival
swelling, erythema, suppuration, soft tissue ulceration, intra- or extraoral fistular trajec-
tories, tooth mobility, paresthesia, and even anesthesia, in the absence of any apparent
dental/periodontal cause. The radiographic findings range from variable radiotranspar-
ency or radio-opacity to the absence of any radiological signs. In the absence of bone
exposure, these findings alone were not regarded as sufficient to diagnose BRONIJ [32].

At present, the latest update of the AAOMS corresponding to 2014 [25] considers
that the presence of these manifestations, even in the absence of bone exposure (equiv-
alent to stage 0 of the 2009 classification), is indicative of prodromal BRONJ, and that
over time up to 50% of these patients will progress toward disease stages 1, 2, or 3.

Clinically, the exposure of necrotic bone mostly occurs after dentoalveolar surgery
(extractions or the placement of dental implants), although it can also be spontaneous.
The most frequent location is the mandible (62—82% of the cases), maxilla (§—18%),
or both (up to 20% of the cases), with a predominance of the molar and premolar regions.
The exposed bone is generally colonized by oral bacteria, giving rise to secondary infec-
tions [22,39].

The differential diagnosis of ONJ should be made with other conditions such as
alveolar osteitis, sinusitis, osteomyelitis, periodontitis/gingivitis, periapical disease
caused by caries, mucositis, osteoradionecrosis, temporomandibular joint disease,
and certain forms of cement bone dysplasia with secondary sequestration phenomena
[32,38]. Accordingly, the patient case history and the clinical examination remain the
most sensitive tools for diagnosing ONJ [38,41].
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The two most controversial aspects in the diagnosis of ONJ since the publication of
the first case series have been: (1) the diagnosis of ONJ in the absence of bone expo-
sure; and (2) the need for radiological or imaging confirmation of the diagnosis. These
two aspects will be examined in greater detail below.

10.2.3.1 Diagnosis of ONJ in the absence of exposed bone

Most authors have accepted the definition of ONJ proposed by the AAOMS in 2007,
i.e., an area of exposed bone in the maxillofacial region that fails to heal within 6—8
weeks, in a patient with current or past treatment with BPs but without head and neck
radiotherapy. However, as has been commented above, some investigators have
suggested that ONJ may manifest without bone exposure, particularly in the early
stages of the disease. As an example, Junquera and Gallego [36] described two patients
with bone sequestration that could be clinically and radiographically classified as
corresponding to stage 3 ONIJ, but without bone exposure. In these cases, pain and
swelling were the main symptoms. The authors suggested that there is a variant of
ONIJ without bone exposure.

Based on their clinical experience, Bagan et al. [28] proposed that the three stages
of the 2006 classification of Ruggiero et al. [42] should include patients with intraoral
fistulas but no bone exposure, since these patients otherwise could not be assigned to
any stage. Mawardi et al. [37] described five patients subjected to treatment with BPs
who developed deep periodontal pockets, tooth mobility or intraoral fistulas with or
without suppuration, with swelling in some cases, and with radiographic alterations
(sequestration, sclerosis, lack of postextraction socket healing), but without exposure
of necrotic bone.

After several months, bone exposure occurred in the same zone. The authors
considered these cases as corresponding to early stage BAONJ and proposed to modify
the definition of BONIJ to include a new category: “suspected BONJ” or stage Os, since
in the same way as Bagan et al. [28], they were unable to assign the patients to any of
the three established ONIJ stages.

On the other hand, Fedele et al. [41] studied 332 patients with ONJ and found that
28.9% of the subjects have clinical manifestations consistent with the purported ONJ
variant without bone exposure. The clinical manifestations in decreasing order of fre-
quency were maxillary pain, fistulization, bone expansion, and gingival swelling. In
addition, the symptoms developed spontaneously without previous extractions or sur-
gery, and in 29.1% of the cases no radiological alterations were observed in the pano-
ramic X-ray or computed tomography (CT) explorations.

Manifest bone exposure was seen over time (up to 2 years of follow-up) in 53.1% of
these patients. According to the authors, these findings may have a significant impact
upon the existing epidemiological data and on the design of future studies. According
to Patel et al. [21], the absence of exposed bone in patients with ONJ can produce a
delay in diagnosis, prolong the disease, and cause it to become refractory to treatment.
They proposed a diagnostic and therapeutic approach to cases of ONJ, without bone
exposure based on the symptoms, assessment of the risk factors, the radiographic
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evidence, and patient refractoriness to medical treatment. The authors suggested a
modification of the AAOMS staging or classification system, as will be seen below.

Schiodt et al. [43] indicated that the proportion of ONJ without bone exposure may
be high (29—45% of all cases of ONJ) and that this fact could result in potential under-
reporting of the disease in epidemiological studies. The authors evaluated 102 patients
with ONJ, with and without bone exposure, and established comparisons between the
two groups to determine whether they corresponded to the same disease condition or
not. No significant differences were found between the two groups in terms of the de-
mographic data, symptoms, clinical, and radiological characteristics, histopathological
findings, or survival. As a result, they concluded that both presentations are part of the
same disease and proposed a new ONJ classification including patients without bone
exposure, as will be described below. Last, as we have seen, the AAOMS update of the
year 2014 [25] modifies the definition of ONJ, with the inclusion of cases of ONJ
without bone exposure, although the classification does not contemplate such
presentations.

10.2.3.2 Need for radiological or imaging confirmation
of the diagnosis

Ruggiero et al. [42], in an article presenting guidelines for the diagnosis, staging, and
treatment of ONJ, described the existence of both early and late radiographic maxillary
changes that could simulate other disorders (periapical disease, osteomyelitis,
myeloma, or metastatic disease). In the case of important bone involvement, regions
with a mottled appearance (similar to the pattern seen in osteomyelitis) could be found.
Likewise, widening of the periodontal ligament and bone osteosclerosis could be
observed, particularly in the region of the lamina dura.

However, according to these authors, the radiographic changes were not evident un-
til important bone alteration had developed. They consequently suggested that the
panoramic and periapical X-ray studies might not reveal significant changes in the
early stages of ONJ. According to Khosla et al. [32], in the presence of well-
established disease, imaging techniques are not needed for diagnostic purposes since
the presence of exposed bone and other clinical signs and symptoms suffice to identify
ONIJ. Nevertheless, they recognized that such techniques may be of importance in the
early identification of ONJ.

Other authors have used imaging techniques in patients of this kind, including CT,
magnetic resonance imaging (MRI), scintigraphy, and panoramic and periapical X-
rays. As an example, Bianchi et al. [44] studied 32 patients with ONJ, comparing
the alterations found in panoramic X-rays versus CT. The latter technique was found
to be far superior, with the detection of lesions in almost twice as many patients. In all
cases, CT detected structural alterations of the trabecular bone and cortical erosion.

In comparison, the panoramic X-rays failed to detect bone sequestration in almost
half of the cases. Intense periosteal reaction was a common finding, and oroantral com-
munications could also be observed. Bedogni et al. [35] proposed a new classification
of ONJ, as will be seen below based particularly on the CT findings. Likewise, Bed-
ogni et al. [45] conducted a large retrospective multicenter study of the CT findings in
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799 patients with ONJ. They found that the severity (extension) of the lesions can be
identified and measured with CT much more accurately than with panoramic X-rays or
clinical inspection, as proposed by some classifications—including that of the
AAOMS of 2009.

The authors attempted to correlate the findings with the stages proposed by the
AAOMS in 2009 and concluded that these stages are unable to correctly identify dis-
ease extent or involvement, except in stage 3. On the other hand, Arce et al. [46] con-
ducted a review of the findings in ONJ with different imaging techniques.

According to these authors, the radiographic findings are not specific. Intraoral and
panoramic X-rays may show widening of the lamina dura and of the periodontal lig-
ament, osteolysis, diffuse sclerosis, and a lack of postextraction socket healing. The
more advanced the disease, the greater the sclerosis and narrowing of the mandibular
canal. Zones of ONJ can be identified in areas without exposed bone. CT offers a three-
dimensional view of the extent of the lesion and can detect minor sequestrations.

Focal sclerosis with a disorganized trabecular pattern is present in the early stages of
the disease, and neck adenopathies and masticatory muscle thickening simulating a tu-
mor mass can be detected. MRI in turn can detect bone marrow and soft tissue involve-
ment, nerve bundles, and adenopathies. Bone scintigraphy with technetium-99 shows
enhanced radionuclide uptake between 10 and 14 days before bone mineral loss be-
comes significant enough to be detectable on X-rays.

The problem with scintigraphy is its lack of specificity and low resolution [46,47].
Bagan et al. [10] analyzed the degree of sclerosis in different ONJ stages using CT and
investigated the relationship between the degree of sclerosis, the clinical symptoms,
and the extent of the radiotransparencies in 43 cases—establishing comparisons
with a group of 40 controls without bone lesions. The patients with ONJ had more
intense sclerosis than the controls (p < .01). Furthermore, the degree of sclerosis
increased with the clinical stage of ONJ and was correlated to the extent of the radio-
transparency. Morphological analysis of the necrotic bone (sequestrations) using
micro-CT has been unable to demonstrate the existence of unique distinguishing fea-
tures in patients with ONJ in different stages [48].

10.2.4 Classification

Ruggiero et al. proposed an ONIJ classification comprising three stages [42]: stage
1 = bone exposure but without signs or symptoms of infection; stage 2 = bone expo-
sure/necrosis with clinical evidence of infection; stage 3 = the above manifestations
and also alterations such as pathological fractures, extraoral fistulas, or osteolysis
extending to the inferior mandibular margin.

In 2007, the AAOMS adopted this classification [31], although in addition to the
group of patients with BRONIJ (with its three stages), they included another group
of patients comprising individuals at risk. These patients were defined as subjects
without evident exposed or necrotic bone or symptoms but who have been treated
with oral or intravenous BPs. In the year 2009, the AAOMS added a stage 0 to its clas-
sification, involving alterations (pain, tooth mobility, fistulas, radiographic changes,
etc.) that may have been due to treatment with BPs, but without exposed bone.
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The risk of progression toward more advanced stages of the disease was not known at
that time [15].

Other classifications have also introduced the idea that ONJ may be present despite
the absence of bone exposure. As an example, McMahon et al. [49] considered that an
early stage of ONJ with or without symptoms may exist in which bone exposure has
not yet occurred, since the first bone changes are found at marrow level, not in cortical
bone, and that early detection of this stage could improve the patient strategy of
treatment.

They also considered that imaging techniques and histological studies are needed to
more precisely categorize the different ONJ stages. The authors proposed six stages
(Table 10.1) but also considered that a stage 0 could be useful for identifying patients
at risk. Mawardi et al. suggested the inclusion of a stage Os as corresponding to “sus-
pected BRONJ.” This stage in turn would comprise two subcategories: Oss in the pres-
ence of symptoms, and Osa in the absence of symptoms [37].

Bagan et al. in turn included fistulas in stages 1, 2, and 3, although without bone
exposure, and subdivided stage 2 into stages 2a and 2b according to whether the con-
dition responded to conservative management or not [28]. Yoneda et al. accepted the
definition of ONJ of the AAOMS, but proposed the introduction of four stages in
accordance with the situation of the disease in Japan at that time [50].

This classification is basically the same as that of the AAOMS of 2009, but stage
0 moreover includes hypoesthesia or anesthesia of the lower lip as symptom and the
presence of deep periodontal pockets as a clinical sign (Table 10.2). Other authors
such as Bagan et al., in 2012, aimed to validate the classification of the AAOMS of
2009 with a retrospective study of 126 cases of ONJ due to intravenous and oral
BPs, comparing both groups and determining whether all the cases could be assigned
to one or other of the proposed stages [7].

More cases of ONJ without exposed bone were observed in the oral BP group, with
a larger number of advanced cases (stages 2 or 3) in the intravenous oral BP group. In
addition, six cases could not be assigned to any of the stages, for despite the presence
of extraoral fistulas and mandibular fracture, no exposed bone was identified. The au-
thors consequently proposed a new modification of the classification of Ruggiero et al.
[15], with the inclusion in stage 3 of the term “exposed and necrotic bone or oral fistula
without exposed bone” (Table 10.1).

10.2.4.1 Other classification proposals

Bedogni et al. proposed a new classification with three stages [35] as follows: stage
1 = focal ONJ, stage 2 = diffuse ONJ, and 3 = complicated ONJ. In addition to clin-
ical findings, this classification includes CT imaging findings and eliminates stage 0.
According to these authors, the clinical manifestations of pain and suppuration should
not be used to differentiate between stages, since they only define symptomatic or
asymptomatic forms of BRONJ within one same stage. This contributes to avoid pa-
tient migration from stage 1 to stage 2 or vice versa (ping-pong effect). These authors
fundamentally used the CT findings to classify the patients. The presence of bone
sequestration was not considered as a sign of complex BRONIJ (Table 10.2).



Table 10.1 Proposals for modification of the ONJ classification of the AAOMS [15,31] by McMahon
et al. [49], Bagan et al. [7,28], Mawardi et al. [37], and Yoneda et al. [50]

McMahon et al. [49]

Bagan et al. [28]

Mawardi et al. [37]

Yoneda et al. [50]

Bagan et al. [7]

Stage 1:

No exposed/necrotic bone;

Moderate and intermittent maxillary
pain;

Normal dental/mucosal and
radiographic findings

Scintigraphy, CT and MRI reveal
osteoblastic activity but no evident
infection.

Stage 2:

No exposed/necrotic bone;

Moderate and constant
maxillary pain;

Normal dental/mucosal findings, but Rx
reveal sclerotic changes and
radiotransparencies;

Scintigraphy, CT and MRI
show alterations;

No evidence of infection.

Stage 1:

Presence of exposed
necrotic bone or small
oral fistula without
exposure of necrotic
bone—asymptomatic.

Stage 2a:

Presence of exposed
necrotic bone or small
oral fistula without
exposure of necrotic
bone. Patient with
symptoms controlled
by medical treatment.

Proposed
modification the
classification of
the AAOMS of
2007 [31],
introducing a new
stage called Os.

Stage 0s:
“Suspected ONJ”;

Absence of exposed
bone, presence of
fistulas, severe
tooth mobility,
deep periodontal
pockets, positive
radiographic
findings

Same specifications
as the AAOMS in
its classification
of 2009 except:

Stage 0:

Includes
hypoesthesia or
anesthesia of the
lower lip and/or
deep periodontal
pockets.

The same stages as in the
2009 classification, but
also:

Stage 3: Exposed necrotic
bone or oral fistula
without exposed bone,
in patients with pain,
infection and one or
more of the following:
radiographic evidence
of bone necrosis
extending beyond the
alveolar bone,
pathological fracture,
extraoral fistula,
oroantral oronasal
communication,
osteolysis extending to
the inferior mandibular
margin or sinus floor.
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Stage 3:

No apparent exposed/necrotic bone,
constant and severe maxillary pain
requiring analgesia, mucosal edema,
erythema with severe pain of the
alveolar bone, dental Rx,
scintigraphy, CT and MRI show
alterations, there may be infection,
although not of dental origin.

Stage 4:

<2 cm exposed/necrotic bone without
cortical fenestration

Important and constant maxillary pain
requiring potent analgesia. The
mucosa surrounding the exposed
bone is red and swollen. Moderate
swelling of the surrounding tissues,
without clear evidence of infection,
dental Rx, scintigraphy, CT, and
MRI show alterations, dental
disease discarded.

Stage 5:

>2 cm exposed/necrotic bone with or
without cortical fenestration,
constant and severe maxillary pain
requiring analgesia, the mucosa
surrounding the exposed bone is red
and swollen, mild to moderate
swelling of the peripheral tissues
with or without purulent suppuration,
dental Rx, scintigraphy, CT and MRI
show alterations, dental disease
discarded.

Stage2b:

Presence of exposed
necrotic bone or small
oral fistula without
exposure of necrotic
bone Patient with
symptoms not
controlled by medical
treatment.

Stage 3:

Pathological fracture,
extraoral fistula,
osteolysis extending
to the inferior
mandibular margin.

Two subcategories:

Stage 0ss:
“Suspected” and
symptomatic

Stage 0sa:
“Suspected” and
asymptomatic.

Continued

s15010d09)50 ur Juaunean aAandiosal-nuy

g6l



Table 10.1 Continued

McMabhon et al. [49]

Bagan et al. [28]

Mawardi et al. [37]

Yoneda et al. [50]

Bagan et al. [7]

Stage 6:

>4 cm exposed/necrotic bone with
cortical fenestration and infection
important and constant maxillary
pain requiring potent analgesia
fetidness. Dental Rx, scintigraphy,
CT and MRI show alterations the
mucosa surrounding the exposed
bone is red and swollen, one or more
of the following: pathological
fracture, extraoral fistula, oroantral
fistula, osteolysis extending to the
inferior mandibular margin,
dental disease discarded.

CT, computed tomography; MRI, magnetic resonance imaging; ONJ, osteonecrosis of the jaws; Rx, X-ray.

Adapted from Gavalda C, Bagan JV. Concept, diagnosis and classification of bisphosphonate-associated osteonecrosis of the jaws. A review of the literature. Med Oral Patol Oral Cir Bucal May

1, 2016;21(3):e260—70.
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Table 10.2 Proposals for the classification of ONJ according
to Bedogni et al. [35] and Franco et al. [52]

Bedogni et al. [35]

Franco et al. [52]

Stage 1

Focal ONJ

Clinical signs and symptoms: bone exposure,
sudden tooth mobility, no postextraction socket
healing, mucosal fistula, inflammation, abscess
formation, trismus, important mandibular
deformity, and/or lip hypoesthesia/paresthesia

CT findings: Increased bone density limited to
alveolar bone (trabecular thickening and/or focal
osteosclerosis), with or without the following
signs: Sclerotic and markedly thickened hard
lamina, persistent socket space, and/or cortical
disruption

la. Asymptomatic

1b. Symptomatic (pain and purulent secretion)

Stage 2

Diffuse ONJ

Clinical signs and symptoms: The same as
in stage 1

CT findings: Increased bone density extending to
the basal layer (diffuse osteosclerosis), with or
without the following signs: Inferior dental nerve
canal prominence, periosteal reaction, sinusitis,
bone sequestration and/or oroantral fistula

2a. Asymptomatic

2b. Symptomatic (pain and purulent secretion)

Stage 3

Complicated ONJ

As in stage 2, with one or more of the following:

Clinical signs and symptoms: Extraoral fistula,
mandibular stump displacement, nasal fluid
drainage

CT findings: Osteosclerosis of adjacent bone
(zygoma, hard palate), pathological mandibular
fracture, and/or osteolysis extending to the sinus
floor

Clinical and radiological findings

Stage 0

No exposed bone, with nonspecific
radiographic findings such as
osteosclerosis and periosteal
hyperplasia, and nonspecific
symptoms such as pain

Stage 1

Exposed bone and/or radiographic
evidence of necrotic bone”, or
persistent socket space <2 cm in
greater diameter, with or without
pain

Stage 11

Exposed bone and/or radiographic
evidence of necrotic bone?,
between 2 and 4 cm in major
diameter, with pain responsive to
NSAIDs, and possible abscesses

Stage 111

Exposed bone and/or radiographic
evidence of necrotic bone?,
>4 cm in greater diameter, with
intense pain that responds or does
not respond to NSAIDs,
abscesses, orocutaneous and/or
maxillary sinus fistulization, with
mandibular nerve involvement

CT, computed tomography; NSAIDs, nonsteroidal antiinflammatory drugs.
“Radiographic evidence of necrotic bone: irregular areas of hypo- and hypercalcification and/or bone sequestration.

Adapted from Gavalda C, Bagan JV. Concept, diagnosis and classification of bisphosphonate-associated osteonecrosis of

the jaws. A review of the literature. Med Oral Patol Oral Cir Bucal May 1, 2016;21(3):e260—70.
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According to Franco et al., most of the existing classifications are useful from the clin-
ical and diagnostic perspective but none of them offer a surgical orientation to the sur-
geon [52]. They proposed a new dimensional staging system, classifying the lesions by
size following panoramic X-ray and CT evaluation, with a view to making treatment
decisions easier (Table 10.2).

Patel et al. modified the classification of the AAOMS of 2009 with the purpose of
incorporating patients without bone exposure and of guiding treatment [21]. They
distinguished between patients with and without bone exposure and in the latter group
those individuals without symptoms were classified as corresponding to stage 1,
whereas those with symptoms were assigned to stages 2 or 3 (Table 10.3).

As it has been commented before, Schiodt et al. considered ONJ with and without
bone exposure to correspond to the same disease entity [43]. Accordingly, they modi-
fied the classification of Patel et al. [21], eliminating stage O and classifying patients
both with and without bone exposure in stages 1, 2, or 3 (Table 10.3).

10.2.4.2 Actual classification and staging system proposed
by the AAOMS

The classification or staging system proposed by the AAOMS [25], and the therapeutic
strategies for each stage, is described below:

* At risk: Patients on antiresorptive or antiangiogenic treatment via the oral or intravenous
route, and with no symptoms or apparent bone necrosis.
» Stage 0 (disease variant without bone exposure): No clinical evidence of necrotic bone,
although with clinical findings, radiographic changes, and nonspecific symptoms.
Among the symptoms:

e Tooth pain in the absence of a dental cause.

* Maxillary bone pain that may irradiate to the region of the temporomandibular joint.

* Pain of the maxillary sinuses that may be associated to inflammation and thickening of
the sinus walls.

* Altered neurosensory function.
Among the clinical findings:

* Tooth mobility that cannot be explained by periodontitis.

* Periapical or periodontal fistulas not associated to pulp necrosis secondary to trauma,
caries, or restorations.
Among the radiographic findings:

* Loss or resorption of alveolar bone that cannot be explained by periodontitis.

* Changes in trabecular-dense bone pattern, with no formation of new bone in extraction
sockets.

* Zones of osteosclerosis in alveolar bone or around the basal layer.

* Thickening or opacification of the periodontal ligament (thickening of the lamina dura,
sclerosis, and reduction of the periodontal ligament space).

» Stage 1: Exposed bone or intra or extraoral fistulization in the maxillofacial region pene-
trating to the bone, in asymptomatic patients without evidence of infection. In addition,
radiographic findings such as those described in stage 0 may be observed in the alveolar
bone.

» Stage 2: Exposed bone or intra- or extraoral fistulization in the maxillofacial region pene-
trating to the bone, with infection evidenced by pain and erythema in the region or exposed



Table 10.3 Proposals for the staging of ONJ according to Patel et al. [21] and Schiodt et al. [43]

Patel et al. [21]

Schiodt et al. [43]

Clinical bone
exposure

Same stages as
AAOMS 2009
[15]

Absence of bone exposure asymptomatic

Stage 1 NE

No clinical evidence of infection; there may be
radiographic findings®

Symptomatic

Stage 2 NE

No exposed necrotic bone; clinical evidence of
infection, presence of intraoral fistulas,
swelling, pain, paresthesia/dysesthesia, and
radiographic evidence of bone necrosis

Stage 3 NE

As in stage 2 NE, with one or more of the
following:

» Radiographic evidence of bone necrosis
extending beyond alveolar bone

* Pathological fracture

 Extraoral fistula

* Oroantral, oronasal communication

¢ Osteolysis extending to the inferior mandib-
ular margin or sinus floor

Bone exposure

Asymptomatic

Name: E-ONJ, stage 1

Bone exposure

Symptoms of infection

Name: E-ONJ, stage 2

As in stage 3 of the
AAOMS

Name: E-ONJ, stage 3

No bone exposure

Asymptomatic

Name: NE-ONJ, stage 1

No bone exposure

Symptoms of infection

Name: NE-ONJ, stage 2

No bone exposure, with

Necrosis in patients with pain, infection, and
one or more of the following:

Necrotic bone without exposure, as evidenced
by imaging techniques, extending beyond
alveolar bone, i.e., inferior margin or ramus
of the mandible, maxillary sinus and
zygoma, pathological fracture, extraoral
fistula, oroantral or oronasal communication,
osteolysis extending to the inferior
mandibular margin or sinus floor

Name: NE-ONJ, stage 3

E-ONJ, osteonecrosis of the jaws with exposure; NE-ONJ, osteonecrosis of the jaws with no exposure; ONJ, osteonecrosis of the jaws.
“Osteosclerosis, cortical rupture, osteolysis, subperiosteal bone deposit, thickening of the lamina dura, and widening of the periodontal ligament space.

Adapted from Gavalda C, Bagan JV. Concept, diagnosis and classification of bisphosphonate-associated osteonecrosis of the jaws. A review of the literature. Med Oral Patol Oral Cir Bucal May
1, 2016;21(3):260—70.
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bone with suppuration. In addition, radiographic findings such as those described in stage
0 may be observed in alveolar bone.
» Stage 3: Exposed bone or intra- or extraoral fistulization in the maxillofacial region pene-
trating to the bone, with pain, infection, and at least one of the following signs:
* Necrotic bone extending beyond the alveolar bone (inferior margin or ramus of the
mandible, maxillary sinus, and zygoma).
* Pathological fracture
* Extraoral fistula
* Oroantral or oronasal communication
*  Osteolysis extending to the inferior margin of the mandible or sinus floor

As can be seen, no unified classification or staging system has yet been established
for use by all professionals—although most studies are based on the classification of
the AAOMS. In coincidence with other authors such as Bedogni et al. [35], Patel et al.
[21], and Schiodt et al. [43], we consider that stage O should be suppressed and that
ONIJ should be classified into three stages regardless of whether or not there is bone
exposure. Furthermore, it would be advisable to establish the diagnosis not only on
the basis of the clinical data but also on the findings of the CT scan, since the latter
technique offers greater information on the extent and severity of the disorder. Further
studies and consensus are therefore needed with a view to adopting a single interna-
tional classification allowing the conduction and comparison of epidemiological
studies, and contributing to the treatment decision-making process.

10.3 BPs, osteonecrosis, and implant dentistry

BIONI is characterized by the exposure for over 8 weeks of necrotic bone in the maxil-
lofacial region, BP therapy, in the absence of prior maxillary radiotherapy [15,53,54].
Although the condition is typically confined to the maxillofacial region, there have
been reports of cases in the hip, tibia, and femur [55]. The reason for such exclusive
involvement of the jaws is subject to controversy.

In this sense, many factors could be implicated, including the anatomical character-
istics of alveolar bone, its fine overlying epithelial layer, the mechanical stress caused
by chewing, inflammatory processes (periodontitis), and a complex oral microbiota
involving the presence of bacteria such as Fusobacterium, Bacillus, Actinomyces,
Staphylococcus, Streptococcus, Selenomonas and Treponema [56,57]. The appearance
of osteonecrosis is a serious complication that affects patient quality of life and causes
important morbidity [15,58].

10.3.1 Etiopathogenesis

A number of factors have been related to the etiopathogenesis of ONJ, such as immune
disorders and alterations of the reparatory mechanisms, since 95% of all patients with
ONIJ present tumors as background disease. Although vascular impairment has been
postulated as one of the key elements in the etiopathogenesis of ONJ, the latter has
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also been erroneously linked to avascular necrosis in other locations such as the hip,
since there are no clinical or physiopathological parallelisms between the two disor-
ders. Diminished bone turnover and toxicity at both bone level and in the soft tissues
have also been cited as etiopathogenic factors [59].

BPs have been reported to act directly upon keratinocytes and fibroblasts, inhibiting
their activities through aging processes and apoptosis. This in turn affects cell prolif-
eration and migration, resulting in a lack of reepithelization of the oral mucosa [60].
Although the physiopathology of ONJ remains to be fully clarified, the inhibition of
bone remodeling has been suggested to play a significant role. The best evidence in
support of this hypothesis comes from patients not treated with BPs. There have
been reports of ONJ in patients treated with drugs such as denosumab that inhibit
bone remodeling by acting upon the RANKL receptor [61]. There have also been de-
scriptions of ONJ without previous BP treatment in patients with herpes-zoster infec-
tions and HIV-positive individuals [62].

The half-life of the BPs in blood is short (between 30 min and 2 h), although once
bound to bone these drugs can persist within the body for years [63]. Although the
presence of bacteria has been demonstrated in patients with BIONJ, it is not clear
whether infection is a primary or a secondary cause of the disorder [15,50]. Many pa-
tients present antecedents of local trauma, particularly dental extractions (70%), with a
lesser incidence of other surgical procedures. ONJ has been reported to develop spon-
taneously in 30—50% of the cases [64], particularly in locations where the gingival
mucosa is thinner [15,50]. In a review of 468 dental implants in 115 patients subjected
to oral BP therapy, no cases of ONJ were observed, and only two implants failed.

The success rate was therefore similar to that recorded in patients without BP treat-
ment. In the absence of other diseases or medications, the placement of implants and
their osseointegration during the first 3 years of treatment with oral BPs can be
regarded as safe [65]. In another retrospective study [66], involving implant placement
in 61 patients treated with oral BPs for an average of 3.3 years, no cases of ONJ were
recorded during follow-up (12—24 months), and the implant success rate was 100%.
Nevertheless, it must be taken into account that a number of authors
[57,58,64,67,68] have described cases of BIONJ in patients with dental implants.

10.3.2 Risk factors

A number of studies [15,53,54] have analyzed the risk factors underlying of BIONJ.
Treatment with potent intravenous BPs such as zolendronate or pamidronate, and tooth
extractions, are the most important factors, with an estimated risk of between 6.7% and
9.1% after extraction [54]. Other potentially influencing factors are periodontal or peri-
apical surgical procedures, the presence of dental abscesses, anatomical factors such as
the presence of a torus, the duration of BP treatment, the number of treatment cycles,
diabetes, deficient oral hygiene, and the concomitant administration of corticosteroids
or thalidomide [15,28,56,69]. A genetic influence has also been postulated in the
development of the disease through the cytochrome P450-2C enzyme system
(CYP2CS), since the latter is implicated in the arachidonic acid metabolism and
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cholesterol biosynthesis, and can modulate angiogenesis and osteoblast differentiation
in bone [50,53].

Recently, it was described a potential role of diabetes mellitus (DM) in the patho-
genesis of MRONIJ and the mechanisms by which DM may increase the risk for
MRONIJ. Factors related to DM pathogenesis and treatment may contribute to poor
bone quality through multiple damaged pathways, including microvascular ischemia,
endothelial cell dysfunction, reduced remodeling of bone, and increased apoptosis of
osteoblasts and osteocytes [11].

In addition, DM induces changes in immune cell function and promotes inflamma-
tion. This increases the risk for chronic infection in the settings of cancer and its treat-
ment, as well as antiresorptive medication exposure, thus raising the risk of developing
MRONIJ. A genetic predisposition for MRONIJ, coupled with CYP 450 gene alter-
ations, has been suggested to affect the degradation of medications for DM such as
thiazolidinediones and may further increase the risk for MRONIJ [11].

10.3.3 Diagnosis and treatment

Several authors [42,64] consider that suspension of oral BP treatment for a period of
6—12 months results in clinical improvement and even spontaneous resolution of the
condition. Suspension is therefore advisable, provided the systemic clinical conditions
of the patient allow the interruption of BP therapy. Since 25% of trabecular bone and
3% of cortical bone are renewed each year, the interruption of BP treatment theoreti-
cally could have a beneficial effect, since the newly formed bone is unable to absorb
BP [70].

However, in a study involving 25 patients, BP suspension was not seen to exert an
effect [58]. Corticosteroid discontinuation also should be considered in patients
concomitantly receiving these drugs as maintenance therapy [71]. It has been sug-
gested that these patients should receive conservative management, since the mucosal
disruptions resolve in at least 23—53% of the cases after following a series of recom-
mendations: administration of topical chlorhexidine and systemic antibiotics in cases
of pain and infection, the suppression of BP treatment, or hyperbaric oxygen therapy
[28,68].

A preliminary study [69] of 10 patients has described a conservative treatment op-
tion based on direct ozone (O3) application in gel form, thereby facilitating ozone
release over the necrotic bone. Beneficial results were obtained, since in two patients
(20%) the radiological controls showed disappearance of the lesions and complete
regeneration of the oral tissues. The shedding of bone sequestration was recorded in
eight patients (80%), with complete reepithelization of the lesions in two cases. There
were no cases of ONJ relapse after 8§ months of follow-up. Such therapy therefore
should be regarded as an effective, safe, and simple treatment option in application
to BIONJ measuring <2.5 cm in size. Another described treatment option is the
administration of isoprenoid geranyl diphosphate (metabolic form of geraniol), which
reverts inhibition of the mevalonate pathway induced by nitrogenated BPs [72].

Bocanegra-Pérez et al. [73] recommend treating these patients on a conservative ba-
sis, administering oral antibiotics such as amoxicillin—clavulanic acid 1000/62.5 mg
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two tablets/day/30 days, or metronidazole 250 mg two tablets/8 h/10—20 days, and
0.12% chlorhexidine rinses three to four times a day. The fistulas in turn can be treated
with an intravenous perfusion of ciprofloxacin 2 mg/mL. In a case series published by
Marx et al. [27], 90% of the patients in stages 1 and 2 were stabilized with conservative
treatment in the form of oral rinses and systemic antibiotics.

Another study [25] found 3—10% of the patients fail to respond to conservative
treatment or suffer pathological fractures—surgery being needed, with resection of
the necrotic bone. The importance of aggressive treatment has been underscored in
a study [74] in which conservative management was not effective. A surgical tech-
nique has been described, based on fluorescence-guided bone resection of 20 ONJ
zones in 15 patients—the success rate being 85% after 4 weeks of follow-up [75].
The treatment response has been reported to be variable, with a poorer response in pa-
tients with maxillary sinusitis associated to ONJ [76]. The treatment guidelines pro-
posed by Bagan et al. [28] are described in Table 10.4.

10.3.4 Prevention

It has long been reported that the determination of CTX (C-terminal telopeptide of type
1 collagen) in the serum of patients treated with BP could be of use in predicting ONJ
in patients subjected to oral surgery. Patients with CTX > 150 pg/mL can undergo any

Table 10.4 Proposed staging classification and treatment of BION]J

Staging Treatment
Stage 1 Exposure of necrotic bone or small Daily rinse with 0.12% chlorhexidine
oral ulceration without exposure of and follow-up.
necrotic bone, with no symptoms.
Stage 2 2a. Exposure of necrotic bone or Daily rinse with 0.12% chlorhexidine,
small oral fistula without expo- antibiotics, analgesics and
sure of necrotic bone, with follow-up.
symptoms controlled by medical
treatment.
2b. Exposure of necrotic bone or Daily rinse with 0.12% chlorhexidine,
small oral fistula without expo- antibiotics, analgesics and surgery
sure of necrotic bone, with with elimination of bone necrosis.
symptoms not controlled by
medical treatment.
Stage 3 Mandibular fracture, cutaneous Daily rinse with 0.12% chlorhexidine,
fistula, osteolysis extending to antibiotics, analgesics, and
lower margin. extensive surgery with bone
resection.

Adapted from Bagan JV, Jimenez Y, Diaz JM, Murillo J, Sanchis JM, Poveda R, et al. Osteonecrosis of the jaws in
intravenous bisphosphonate use: proposal for a modification of the clinical classification. Oral Oncol July 2009;45(7):

645—46.
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type of surgery with only minimum risks and without the need to suspend the medi-
cation; however, in the presence of CTX < 150 pg/mL the risks increase [64]. In
contrast, other authors [77,78] have not found CTX to offer any true predictive value.
Additionally, in the same manner Flychy-Fernandez et al. [79], established that no
relationship between oral dose administered was observed BP (total dose or expressed
in mg/kg b.w.) and serum CTX concentration and suspension of the medication did not
influence the serum CTX levels.

As aresult, its use must be viewed with caution, and the CTX values cannot be used
as a definitive indicator of the risk of suffering BIONJ. Serum osteocalcin is another
marker that could be of use in predicting the risk of ONJ. In this sense, concentrations
below the normal limits could indicate problems with the bone formation process and
may be regarded as a risk factor [78]. Periapical X-rays can also be important,
revealing sclerotic areas and loss of the inferior alveolar nerve contour caused by pro-
gressive sclerosis [47].

It has been shown that the adoption of preventive measures before and during
intravenous BP therapy in cancer patients with bone metastases and in individuals
with multiple myeloma is accompanied by a 75% reduction in the incidence of
ONJ. Whenever possible, such preventive measures should include adequate oral hy-
giene before administering BP treatment, together with the extraction of teeth
showing a poor prognosis, caries control, and monitorization of the correct fitting
of removable dentures [15]. All patients treated with BPs are at risk of developing
osteonecrosis as a result of such medication. This potential complication therefore
should be explained to the patient by both the prescribing physician and the dental
surgeon in charge of oral treatment, with the obtainment of informed consent in
all cases.

Finally, a recent systematic review with meta-analyses performed to assess the
impact of BP therapy upon dental implant survival, demonstrates that dental implant
placement in patients receiving BPs does not reduce the dental implant success rate.
On the other hand, such patients are not without complications, and risk evaluation
therefore must be established on an individualized basis, as one of the most serious
although infrequent complications of BP therapy is BP-related ONJ. The authors sug-
gest that further prospective studies involving larger sample sizes and longer durations
of follow-up are required to confirm the results obtained [80].
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11.1 Introduction

A medical device, such as dental implants are, is a scaffold that coming in contact with
the patient’s body and is expected to perform its intended function without resulting in
any adverse effect to the patient. Potential adverse effects could occur, both short term
(acute) and long term (chronic), to the body [1].

For this reason, medical devices are typically subject to biocompatibility tests and
biological evaluation to assess the interaction with tissue, cells, or body fluids accord-
ing to their classification. The primary aim of a device biocompatibility assessment is
indeed to protect the patient from potential biological risks. To this aim, specific inter-
national rules define standard procedures that must be followed to test the biocompat-
ibility and the safety of medical devices.

The main source of guidance on the essential requirements for biological safety is
ISO 10993:2003 Biological evaluation of medical devices [2].

This standard defines devices in terms of their invasiveness and duration of patient
contact and subsequently determines what level of safety testing manufacturer’s need
to successfully complete prior to putting their product on the market.

The document reports specific tests that depend on the following:

* the type of medical device;

* its intended use;

e the nature;

* duration of contact between the medical device and the body.

The test that can be performed can include testing such as:

* cytotoxicity;

* sensitization;

e irritation;

* intracutaneous reactivity;
e systemic toxicity;

* subchronic toxicity;

* genotoxicity;

* implantation;

* hemocompatibility.
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Moreover, to be put on market medical devices need to respond to the minimum
testing requirements for both community european (CE) marking (for Europe market)
and US Food and Drug Administration (FDA) (for US market) submissions. All the
medical device biocompatibility testing must be carried out under rigorous laboratory
control working in good laboratory practice.

Prior to 2012, Japan had its own written guidelines, different from those laid out
within ISO 10993 in several important ways. Because of this, medical devices intended
for use in the Japan market were generally tested using different study protocols to
meet these Japanese-specific guidelines. With the global harmonization efforts in
the last decade, the recent revisions to the ISO guidelines have adopted or referenced
the Japanese study protocols. In 2012, Japan’s Ministry of Health, Labour, and Wel-
fare released the revised guidelines of biocompatibility assessment that are largely
harmonized with the ISO standards. In 2013, FDA released a draft biocompatibility
guidance that also reflects the recent revisions of the ISO standards.

Components of ISO 10993 relevant to medical device manufacturers are composed
of several parts:

e ISO 10993-1: Part 1: Evaluation and testing

* ISO 10993-3: Part 3: Tests for genotoxicity, carcinogenicity, and reproductive toxicity

e ISO 10993-4: Part 4: Selection of tests for interactions with blood

* ISO 10993-5: Part 5: Tests for in vitro cytotoxicity

* ISO 10993-6: Part 6: Tests for local effects after implantation

* ISO 10993-9: Part 9: Framework for identification and quantification of potential degrada-
tion products

* ISO 10993-10: Part 10: Tests for irritation and delayed-type hypersensitivity

e ISO 10993-11: Part 11: Tests for systemic toxicity

o ISO 10993-13: Part 13: Identification and quantification of degradation products from poly-
meric medical devices

e ISO 10993-14: Part 14: Identification and quantification of degradation products from
ceramics

* ISO 10993-15: Part 15: Identification and quantification of degradation products from metals
and alloys

o ISO 10993-16: Part 16: Toxicokinetic study design for degradation products and leachables

* ISO 10993-17: Part 17: Establishment of allowable limits for leachable substances

e ISO 10993-18: Part 18: Chemical characterization of materials

o ISO/TS 10993-19: Part 19: Physicochemical, morphological and topographical characteriza-
tion of materials

* ISO/TS 10993-20: Part 20: Principles and methods for immunotoxicology testing of medical
devices

11.2 Cell lines

For the in vitro testing, established cell lines are preferred and obtained from recog-
nized repositories. ISO, namely, indicates to use BALB/c 3T3 cells, clone 31, and
JCRB 9005, prepared from CCL-163 (ATCC). Where specific sensitivity is required,
primary cell cultures, cell lines, and organotypic cultures obtained directly from living
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tissues should only be used if reproducibility and accuracy of the response can be
demonstrated. If a stock culture of a cell line is stored, storage should be at —80°C
or below in the corresponding culture medium but containing a cryoprotectant, e.g.,
dimethyl sulfoxide or glycerol. Long-term storage (several months up to many years)
is only possible at —130°C or below. After thawing from stock, passage the cells two
to three times before using them in the test [3].

Only cells free from mycoplasma shall be used for the test. Before use, stock cul-
tures should be tested for the absence of mycoplasma. It is important to check cells
regularly (e.g., morphology, doubling time, modal chromosome number) because
sensitivity in tests can vary with passage number.

11.3 Determination of cytotoxicity

Determination of cytotoxic effects could be either qualitative or quantitative. Quanti-
tative evaluation of cytotoxicity is preferable. Qualitative means are appropriate for
screening purposes.

11.3.1 Qualitative evaluation

An example of qualitative evaluation can be represented by the microscopical exam-
ination of the cells using cytochemical staining to assess changes in morphology,
vacuolization, detachment, cell lysis, and membrane integrity.

The change from normal morphology shall be recorded in the test report descrip-
tively or numerically [4].

The analyses can be performed on plastic cultures or in agar support.

An example of a way to grade test samples in monolayer cultures can be represented
by the follow scheme:

* 0 (None): when we observe discrete intracytoplasmatic granules, no cell lysis, and no reduc-
tion of cell growth;

* 1 (Slight): when not more than 20% of the cells are round, loosely attached, and without
intracytoplasmatic granules, or show changes in morphology; occasional lysed cells are pre-
sent; and only slight growth inhibition is observable;

* 2 (Mild): when not more than 50% of the cells are round, devoid of intracytoplasmatic gran-
ules, no extensive cell lysis and not more than 50% growth inhibition is observable;

* 3 (Moderate): when not more than 70% of the cell layers contain rounded cells or are lysed; cell
layers are not completely destroyed, but more than 50% of growth inhibition is observable;

* 4 (Severe): when nearly complete or complete destruction of the cell layers (Fig. 11.1).

If the test is conducted on agar supports, the reactivity grades for agar [5] and filter
diffusion test and direct contact test can be one of the following:

* 0 (None): no detectable zone around or under specimen;

* 1 (Slight): some malformed or degenerated cells under specimen;

* 2 (Mild): zone limited to area under specimen;

* 3 (Moderate): zone extending specimen size up to 1.0 cm;

* 4 (Severe): zone extending farther than 1.0 cm beyond specimen (Fig. 11.2).
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Figure 11.1 Monolayer of cells in the presence of an extract of titanium surfaces. Cells have
been stained with ematoxillin eosin and show a fused shape morphology with no
intracytoplasmatic granules.

11.3.2 Quantitative evaluation

Quantitative evaluation is related to the measure of cell death, inhibition of cell growth,
cell proliferation, or colony formation. The number of cells, amount of protein, release
of enzymes, release of vital dye, reduction of vital dye, or any other measurable param-
eter may be quantified by objective means.

Reduction of cell viability by more than 30% is considered a cytotoxic effect.

Figure 11.2 Agar diffusion assay allows migration tracking for a prolonged period of time.
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The basic procedure requires the use of specific cells lines such as BALB/c 3T3
cells that must be seeded into 96-well plates and maintained in culture for 24 h to
form a semiconfluent monolayer. They are then exposed to the test compound over
arange of concentrations. After 24 h exposure, neutral red uptake (NRU) is determined
for each treatment concentration and compared to that determined in control cultures.
For each treatment, the inhibition of growth percentage is calculated, if the extract ex-
hibits a cytotoxic effect on the cells. The concentration inhibiting plating efficiency to
50% (IC50) (i.e. the concentration producing 50% reduction of NRU) is calculated
from the concentration—response and expressed as a dilution percentage of the extract.
The neat extract is designated as 100% extract [6].

11.4 Colony formation cytotoxicity test

In this test, V79 cells (recommended because they make large and clear colonies) need
to be seeded into six-well plates and maintained in culture for 24 h to start growing in a
logarithmic phase. They are then exposed to the test compound and incubated for
6 days to make colonies large enough to count. Colonies are fixed with methanol,
stained with Giemsa solution, and counted. If the extract obtained from the dental
implant exhibits a cytotoxic effect on the cells, the IC50 is calculated and expressed
as a percentage of the extract.

Positive and negative controls should be included in every cytotoxicity test [7]. Pos-
itive and negative reference materials are recommended: Zinc diethyldithiocarbamate
(ZDEC) and Zinc dibutyl dithiocarbamate (ZDBC).

The acceptance criteria that need to be used for ZDEC and ZDBC are:

a. IC50 for ZDEC should not exceed 7%.
b. IC50 for ZDBC should not exceed 80% (Fig. 11.3).

Figure 11.3 Colony formation on agar support.
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11.5 MITT cytotoxicity test

Yellow water-soluble MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazoliumbromid)
is metabolically reduced in viable cells to a blue-violet insoluble formazan.
Briefly, the supernatant of cell cocultures is gently harvested from the multiwell
tissue culture plate and 1 mL of MTT solution [0.8 mg/mL in phosphate buffered
saline (PBS)] is added. Cultures are returned to the incubator, and, after 3 h, the
supernatant is harvested again. Each cell culture is then transferred and the viable
cells, correlating to the color intensity, are determined by photometric measure-
ments using Eppendorf microtube and 1 mL of extraction solution (0.01 N of
HCI in isopropanol). The Eppendorf microtubes are vortexed vigorously for
5min to enable total color release from the scaffolds, then centrifuged at
14,000 rpm for 5 min, and the supernatants read at 534 nm.

The absolute value of optical density, OD570, obtained in the untreated blank in-
dicates whether the 1 x 10 cells seeded per well have grown exponentially with
normal doubling time during 2 days of the assay.

A test meets the acceptance criteria if the mean OD570 of blank, W, is 0.2.

To check for systematic cell seeding errors, blanks are placed both at the left side
(row 2) and the right side (row 11) of the 96-well plate. A test meets acceptance criteria
if the left and the right mean of the blanks do not differ by more than 15% from the
mean of all blanks.

Checks for cell seeding errors may also be performed by examining each plate un-
der a phase contrast microscope to ensure that cell quantity is consistent. Microscopic
evaluation obviates the need for two rows of blanks.

A decrease in number of living cells results in a decrease in the metabolic activity in
the sample. This decrease directly correlates to the amount of blue-violet formazan
formed, as monitored by the optical density at 570 nm.

The lower the Viab.% value, the higher is the cytotoxic potential of the test item.

If viability is reduced to <70% of the blank, it has a cytotoxic potential. The 50%
extract of the test sample should have at least the same or a higher viability than the
100% extract; otherwise the test should be repeated (Fig. 11.4).

|

Figure 11.4 MTT test.
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11.6 XTT cytotoxicity test

This test protocol is based on the measurement of the viability of cells via mitochon-
drial dehydrogenases, see Ref. [8]. XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) is metabolically reduced in
viable cells to a water-soluble formazan product. The number of viable cells correlates
to the color intensity determined by photometric measurements.

L.929 cells are seeded into 96-well plates and maintained in culture for 24 h to form
a semiconfluent monolayer. They are then exposed to the test compound over a range
of concentrations. After 24 h exposure, the formazan formation is determined for each
treatment concentration and compared to that determined in control cultures. For each
treatment, the percentage inhibition of growth is calculated.

XTT is stocked fresh in 56—60°C medium eagle, without phenol red, at a concen-
tration of 1 mg/mL with the aid of a shaker. Solution is sterilized by sterile filtration
using syringe filters (pore size of 0.22 um). Phenazine metosulfate (PMS) is made
as a solution of 5 mM in PBS buffer and sterile filtered through a 0.22-pm sterile filter.
PMS solution is added to the XTT solution shortly before usage in a concentration of
25 uM (5 uL of a 5 mM PMS/mL XTT solution). The XTT/PMS solution is then
immediately added to the test wells.

The absolute value of optical density (OD450) obtained in the untreated blank in-
dicates whether the 1 x 10 cells seeded per well have grown exponentially with
normal doubling time during the 2 days of the assay. A test meets the acceptance
criteria if the mean OD450 of blanks, W, is 0.2.

To check for systematic cell seeding errors, blanks are placed both at the left side (row
2) and the right side (row 11) of the 96-well plate (row 1 and row 12 shall not be used).

A test meets the acceptance criteria if the left and the right mean of the blanks do not
differ by more than 15% from the mean of all blanks.

Checks for cell seeding errors may also be performed by examining each plate un-
der a phase contrast microscope to ensure that cell quantity is consistent. Microscopic
evaluation obviates the need for two rows of blanks.

11.7 Ames test

The mutagenic potential of Ti implants is evaluated by the Ames test performed with
the Salmonella Mutagenicity Complete Test Kit (Moltox, Molecular toxicology Inc.,
Boone, NC, USA). Nutrient broth (blank) is used as the extraction vehicle; aluminum
oxide ceramic rod (VITA In-Ceram Alumina CA-12, CE 0124, lot 15320) is used as
negative control; ICR 191 Acridine (Moltox, 60—101) and sodium azide (Moltox,
60—103) were used as positive controls. Extraction conditions were (24 4+ 2)h at
(37 £ 1)°C. Three replicates are performed for each sample. The bacteria plates are
incubated with the different extracts for 48 h at 37°C, and the number of revertant col-
onies per plate was counted. Interpretation of results: negative (not mutagenic) if the
number of reverted colonies is equivalent to those observed with blank and negative
controls; positive (mutagenic) if the number of reverted colonies is equivalent to those
observed with positive controls [9] (Fig. 11.5).
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Plate of growth medium lacking
histidine is inoculated with salmonella
that require histidine

Plate test substance in well (the
substance diffuses outward, creating a
concentration gradient

Negative control Surface to test Positive control control

Figure 11.5 Representation of Ames test.

11.8 Hemolysis assay

The blood compatibility of Ti implants could be evaluated by the hemolysis assay per-
formed following standard practices set forth in ASTM F756. Blood is obtained from
three healthy New Zealand rabbits, pooled, then diluted in PBS to a total hemoglobin
concentration of 10 £ 1 mg/mL. One milliliter of diluted rabbit blood is added to 7 mL.
of the following PBS extracts. For the extraction of the test material, triplicate 2 g por-
tions of Ti implants are covered with 10 mL PBS. For the negative control, triplicate
30 cm? portions of high-density polyethylene are covered with 10 mL of PBS. For the
positive control, triplicate 10 mL portions of sterile water for injection are used.
Extraction conditions were 50°C for 72 h for all samples. Each tube is incubated for
3 h at 37°C with periodic inversions. Following incubation, the tubes were centrifuged
for 15 min at 800 x g. A 1 mL aliquot of the resulting supernatant from test materials,
negative and positive controls was added to 1 mL of Drabkin’s reagent (Sigma-
Aldrich) and incubated at room temperature for 15 min. The reaction product between
hemoglobin and Drabkin’s reagent is a cyanoderivative that was quantified by
measuring absorbance at 540 nm with a multilabel plate reader (Victor 3 Perkin Elmer,
Milano, Italy) [10—21]. The hemolysis index (HI) is then calculated using the mean
absorbance value (OD) for each group as follows:

HI (%) = OD (test material) — OD (negative control)/OD (positive control) —
OD (negative control) x 100.

Interpretation of results: nonhemolytic if the HI was 2% or less; hemolytic if HI was
higher than 2% (Fig. 11.6).
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Figure 11.6 Visual representation of hemolitic process.

11.9 Karyotype analysis

After 30 days of culture on Ti implants, cells are exposed to colchicine (Sigma-
Aldrich, St. Louis, MO, USA) for 6 h, washed in PBS, dissociated with trypsin
(Lonza S.r.1), and centrifuged at 300 g for 5 min. The pellet is carefully suspended
again and incubated in 1% sodium citrate for 15 min at 37°C, then fixed and spread
onto —20°C cold glass slides. Metaphases of cells are Q-banded and karyotyped in
accordance with the International System for Human Cytogenetic Nomenclature rec-
ommendations. At least five metaphases need to be analyzed for three expansions
(Fig. 11.7).

11.10 Alternatives in animal testing
There is no doubt that the best test species for humans are humans.

To predict toxicity, corrosivity, and other safety variables as well as the effective-
ness of a new product for humans such dental implants have involved the use of an-
imals. But today, scientists have developed and validated alternative methods
shown to lead to safer and more effective products for humans than animal testing.

For example, skin corrosivity and irritation can be easily measured using three-
dimensional human skin equivalent systems such as EpiDerm and SkinEthic. Addi-
tional alternatives include EpiSkin (a model of reconstructed human epithelium) and
a variety of sophisticated, computer-based quantitative structure activity relationship
models that predict skin corrosivity and irritation by means of correlating a new
drug or chemical with its likely activity, properties, and effects with classification ac-
curacy between 90% and 95%.
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Figure 11.7 Karyotype analysis of adipose derived stem cells (ADSCs) seeded on the Ti
implants for 30 days. No chromosomal alterations are present.

Often these are based on tissue engineering (TE). TE is “an interdisciplinary field that
applies the principles of engineering and life sciences toward the development of bio-
logical substitutes that restore, maintain, or improve tissue function or a whole organ.”
TE has also been defined as “understanding the principles of tissue growth, and applying
this to produce functional replacement tissue for clinical use.” Powerful recent develop-
ments in the multidisciplinary field of TE have yielded a novel set of tissue replacement
parts and implementation strategies. Scientific advances in biomaterials, stem cells,
growth and differentiation factors, and biomimetic environments have created unique
opportunities to fabricate tissues in the laboratory from combinations of engineered
extracellular matrices (“scaffolds”), cells, and biologically active molecules [22].
Among the major challenges now facing TE there is the need for more complex func-
tionality with biomechanical stability in laboratory-grown tissues destined for transplan-
tation. So it has been possible, starting from a 2 x 2 cm skin human biopsy, to realize
completely autologous cutaneous substitutes not only composed of two structures of the
skin, dermis and epidermis, but also containing other important components: microvas-
cular network, micronervous network, skin immonocompetent system, and melanocyte
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system [23]. The final goal is to develop effective and easy handling of skin substitutes
that can be used to reproduce human skin anatomy and physiology, introducing new ad-
vantages linked to successful grafting or for in vitro testing.

Technique:

Human dermal fibroblasts are prepared according to a modified version of the
Rheinwald & Green protocol. After epithelial sheet dispase removal, dermis was cut
into small pieces (2—3 mm?) and fibroblasts were isolated by sequential trypsin
(0.05%) and collagenase type I digestion. Cells are isolated and then cultured with
Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine serum.
At confluence, fibroblasts are harvested and seeded at a density of 3 x 10°/cm” on
squares of biomaterials (1.5 x 1.5 cm) in the above-mentioned medium containing so-
dium ascorbate (50 mg/mL) (step 5). The nonwoven squares could be fixed on culture
plates either by means of stainless steel rings or through a fibrin clot.

Cocultures of fibroblasts and keratinocytes (bilayer substitutes): After these first at-
tempts, given that fibroblasts are the main constituent of the dermis and are normally
used to grow keratinocytes, the concept of a coculture was introduced to produce
in vitro a composite skin replacement composed of an epithelial layer overlaid onto
a dermal substitute. The presence of fibroblasts within the grafted region is thus a ma-
jor advantage. Several lines of research are being pursued to define the best conditions
of use [24]. These include studies of allogenic fibroblast persistence in humans. Such
fibroblasts persist in animals, but in humans, even if allogenic fibroblasts give similar
results to autologous fibroblasts, their ultimate fate is unknown. Definition of fibroblast
populations within the dermis has been undertaken. There is clear evidence that,
depending on the anatomical region or the depth within the dermis, fibroblasts can
be distinguished on the basis of functional criteria. It would be useful to have markers
to select those cells that would be most efficient within dermal substitutes. At present
despite active research in this field there is still no commercially available fibroblast
marker [25]. Last, the possibility of using mesenchymal stem cells collected from
bone marrow or peripheral blood, which seem to participate in wound healing, is being
evaluated. In addition to skin substitutes for permanent skin replacement, other appli-
cations can help to rapidly cover patients’ wounds (despite eventual rejection of allo-
genic cells) or accelerate healing. It is already known that allogenic epidermal cell
cultures promote external ulcer healing [26], probably by secreting factors (matrix
metalloproteinases, growth factors, etc.) that promote wound cleansing and stimulate
the activity of cells present at the wound site. At the end, the importance of the scaffold
for a dermal-like tissue must be stressed.

In fact, the design of a dermal-like tissue critically depends on the use of an
ideal scaffold, which must allow the dermis to develop into a three-dimensional
architecture. One of the most important features of the scaffold is its porosity,
which has to fit the neovessel ingrowth from the host tissue (angiogenesis) during
the wound healing process. In addition, the biomaterial should be fully biocompat-
ible and totally degradable being substituted by a full functional extracellular ma-
trix in the long term.

In Europe one of the most important advances in regulatory toxicology has been the
implementation of the Globally Harmonized System for the identification,
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classification, and labeling of substances, mixtures, and preparations (United Nations—
Economic Commission for Europe, 2009). The hazard associated with a single chem-
ical substance or a mixture of two or more substances refers to their intrinsic property to
cause a particular effect, in this case, acute skin irritation and corrosion. In regulatory
terms, skin corrosion represents irreversible damage to the skin, whereas skin irritation
is characterized by clinical evidence of inflammation, which is entirely reversible.

In the past, the potential of a substance or preparation to cause skin irritation or
corrosion has been assessed using a rabbit skin test. However, in vitro alternatives
have now taken the place of the rabbit test and in a similar manner aim at a basic hazard
identification of chemicals, which can cause burns or a significant level of acute skin
irritation. These efforts in regulatory toxicology are directed toward the characteriza-
tion of the intrinsic properties of substances, with subsequent application of that
knowledge to mixtures and formulations. Hazard information from human studies is
unfortunately not available, since due to ethical reasons, testing in humans for classi-
fication and labeling purposes is not accepted.

To obtain controlled human acute skin irritation information, an alternative strategy
involving a protocol for the use of human volunteers, the 4 h human patch test (4 h
HPT) to characterize skin irritation hazard has been developed and described exten-
sively in the literature [27—29].

The 4 h HPT provides the opportunity to identify substances with significant skin
irritation potential without recourse to the use of animals. It can be applied for the
evaluation of skin effects of single substances as well as mixtures and formulations.
The human skin irritation test is very similar to the regulatory accepted in vivo rabbit
skin irritation test, but it is designed to limit the intensity of skin reactions in human
volunteers. The value of the method is in (1) providing data for the identification of
those substances or formulation, which should or should not be classified as irritant,
and (2) providing “gold standard” data for future validations of alternative/in vitro
methods replacing the in vivo rabbit test for classification and labeling purposes in reg-
ulatory toxicology.

In the material that follows, the literature has been surveyed to permit the assembly
of an extended catalog of substances to which human subjects have been exposed us-
ing the 4 h HPT protocol. Only on very few occasions, substances appeared to possess
a greater ability to generate irritant skin reactions than had been expected. More impor-
tantly, many more substances had only a very limited effect on the skin. Consequently,
it is essential that new in vitro toxicology tests are calibrated and whenever possible
validated against human data rather than use information from in vivo rabbit assays
obtained usually from outdated databases.

11.11 The 4 h human patch test—protocol

The human 4-h patch test procedure involves the application of 0.2 mL (0.2 g for
solid test materials) on a 25-mm plain Hill Top Chamber containing a Webril
pad (Hill Top Companies, Cincinnati, OH, USA), moistened for solid test materials,
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to the skin of the upper outer arm of 30 human volunteers for up to 4 h. To avoid
the production of unacceptably strong reactions, test materials are applied progres-
sively from 15 to 30 min through 1, 2, 3, and 4 h. Each progressive application is at
a new skin site. The shorter exposure periods can be omitted if the study directors
are satisfied that excessive reactions will not occur following longer exposure.
Treatment sites are assessed for the presence of irritation at 24, 48, and 72 h after
patch removal. A volunteer with a reaction at any of the assessments is considered
to have demonstrated a “positive” irritant reaction and treatment with the causative
substance does not proceed on that person. For panelists with a “4” or greater
response at application times of less than 4 h, it is assumed that they would present
a stronger irritant reaction if exposed for 4 h. However, once a “+4” or greater
response is obtained, there is no need to subject these panelists to further treatment
with that substance. In evaluating the results, what is measured is the number of
panelists who had a positive “irritant” reaction after a 4-h exposure. If irritation re-
actions to the undiluted test substance are significantly greater than or not signifi-
cantly different (using Fisher’s exact test) from the level of reaction in that same
panel of volunteers to 20% sodium dodecyl sulfate (SDS), the substance should
be classified as irritant to skin (I); where the level of reaction is substantially and
statistically significantly lower than the response to SDS, the substance is not clas-
sified (NC). Very occasionally, where the response is significantly stronger (and
faster to occur), e.g., to 0.5% NaOH, then the substance is suggested to be a poten-
tial corrosive (C).

11.12 Alternative method for dental implant
osteointegration

The use of dental implants has become widespread as prosthetic therapy for patients with
missing teeth. The success of an implant relies on the presence of adequate bone quantity
and quality at the placement site because the implant needs to undergo “osseointegra-
tion.” By definition, osseointegration is seen as the close contact between bone and
implant. The bone response is related to implant surface properties. Various surfaces
have been studied and applied to improve biological properties of the implant, which fa-
vors the mechanism of osseointegration. This strategy aims at promoting the mechanism
of osseointegration with faster and stronger bone formation to confer better stability dur-
ing the healing process, thus allowing more rapid loading of the implant. In this context,
an increased interest in the improvement of osseointegration through topographic and
chemical dental implant surface modifications was observed over the last years. To
date, dental implant osseointegration is current studied in various animal models.

In this view, Sivolella et al. [30] proposed a novel in vitro method to predict the
in vivo dental implant osseointegration. Starting from the experience on stem cell
biology and TE strategy available in the laboratory, the authors developed and
confirmed a method to evaluate in vitro the osteointegrative properties of implants.
This method requires the in vitro generation of a lived bone scaffold combined with
an implant, followed by mechanical and biological test.
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Their results demonstrated that if the implants are inserted in a live scaffold, a
significantly higher force to extract the implants will be needed compared with the con-
trols, which are scaffolds on which the cells are not present, and these results are
strongly correlated with the biological properties of the surfaces. These are the results
that are determined by the vivo test.

This method is conducted in three phases:

Phase 1: In vitro generation of a scaffold combined with an implant.

Customized cylindrical implants are be inserted in the bone blocks by means of two
customized drilling guides with a twist drill and dedicated drill stops.

Phase 2: In vitro reconstruction of a three-dimensional bone like tissue.

Mesenchymal stem cells are seeded into a scaffold combined with the implant pre-
pared in the previous phase and their commitment into osteogenic line.

Phase 3: Analyses of osseointegration.

Histological and molecular analyses will be performed to evaluate the quality and
quantity of bone production, analyses of cell population, protein production, cell dif-
ferentiation, and bone-to-implant contact (bic).

Mechanical test: pull-out test

The pull-out test will be performed to measure the force needed to extract an
embedded insert from a concrete mass.

Phase 4: Correlation of our in vitro results with data present in the literature. Their pull-out
test will be correlated with bone-to-implant contact previously obtained in vivo with the same
surfaces.

11.13 Benefits of non-animal testing

1 Alternative scientific tests are often more reliable than animal tests.
2 The use of human tissue in toxicity testing is more accurate than the animal models.

The “lethal dose 50 (LD50) test forces animals to ingest toxic and lethal sub-
stances to the endpoint where 50% of the animals in the study die—and those that
do not are later killed. The late Dr. Bjorn Ekwall (Cytotoxicology Laboratory in Swe-
den) developed a replacement for the LD50 test that measured toxicity at a precision
rate of up to 85% accuracy compared to the LD50 rate of 61—65%. This test, far more
accurate than the animal models, uses donated human tissue rather than animal tis-
sue. Furthermore, the test is conducted to study the toxic effects on specific human
organs, whether or not the toxic substance permeates the blood barrier. The test is
useful to conduct highly sophisticated and precise experiments, the results of which
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will help to reveal information that the agonizing death of an animal of a different
species would not reveal.

3 Nonanimal tests are more cost-effective, practical, and expedient.
4 Cruelty-free products are more environmentally friendly.

In toxicity testing, researchers breed, test, and ultimately dispose of millions of an-
imals as pathogenic or hazardous waste. Cruelty-free testing is less harmful to the envi-
ronment or creates less waste.

The need for alternatives to the traditional use of animals in toxicity testing was
officially recognized by the US government in 1993 with the passage of the Na-
tional Institutes of Health Reauthorization Act. Requirements under the Act led
to the establishment of an ad hoc committee called the Interagency Coordinating
Committee for the Validation of Alternative Methods (ICCVAM). ICCVAM was
made a permanent committee under the ICCVAM Authorization Act of 2000 and
is composed of representatives from 15 US federal regulatory and research
agencies.

Under the National Toxicology Program’s Interagency Center for the Evaluation of
Alternative Toxicological Methods, ICCVAM’s mission is “to promote the develop-
ment, validation, and regulatory acceptance of new, revised, and alternative regulatory
safety testing methods.” Emphasis is on alternative methods that will reduce, refine
(less pain and distress), and replace the use of animals in testing while maintaining
and promoting scientific quality and the protection of human health, animal health,
and the environment.
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12.1 Introduction: bone response to dental grafts and
the problem of conventional investigating
techniques

The choice of a natural or a synthetized scaffold represents a key issue in bone tissue
engineering because it is going to act as a template for cell interactions and bone extra-
cellular matrix formation, providing structural support to the newly formed tissue [1].
In fact, an optimal scaffold has several characteristics, including a three-dimensional
(3D) aspect, highly interconnected porosity, and biocompatibility. Furthermore, it
needs to be preferably bioresorbable (with a controllable resorption rate) and favor
cell adhesion, proliferation, and differentiation. Finally, the mechanical properties of
the scaffold should be similar to those of the tissues at the site of grafting [1—4].

Regarding biomaterials for bone grafts, several approaches have been shown to be
effective in stimulating bone regeneration, and ceramics perhaps showed the best
results [5,6]. Indeed ceramic materials, due to their inorganic nature and ionic
composition, are adequate for bone applications. Examples of ceramic materials
are calcium phosphates, such as hydroxyapatite, tricalcium phosphate, and
coralline-derived calcium phosphate, known for their ability to bond and stimulate
bone regeneration [7,8].

Although the stimulatory effect of ceramics on bone tissue formation was proved,
innovative alternative solutions are actually under investigation to find ideal constructs
for bone tissue engineering, with special reference to dental districts.

One possible alternative is given by the heterologous natural bone. It is constituted
by collagenized bone-substitute biomaterials of porcine origin [9,10] composed of
carbonated nanocrystalline hydroxyapatite (HA), containing organic material. Another
possible alternative is given by the anorganic bovine bone (ABB), which is a high-
porosity deproteinized bovine bone constituted by calcium-deficient carbonate apatite
with a structure similar to the human bone (from a chemical and physical perspective)
[11,12].

Although these natural biomaterials are characterized by useful properties such as
osteoconduction, osteoinduction, no adverse reactions, and no inflammatory infiltra-
tion, they also exhibit some limitations: in particular, the porcine bone particles present
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marked staining differences from the host bone and have a lower affinity for the stains,
whereas ABB undergoes no or limited resorption and a limited vascularization. For
these reasons, some results are controversial and need further investigations.

Furthermore, in the recent years, dental bone grafts are oriented toward constructs
where materials, cells, and biologically active molecules are combined. This is a
crucial issue, since cells and growth factors are the two key elements when discussing
bone biology/healing, their interaction being fundamental for an effective regeneration
process.

Thus, there is evidence that, although continuous progress is being made in under-
standing osseous healing process, the recent research approaches combining biomate-
rials, cells, and biologically active molecules need to be further investigated before
they will find their way into effective use in clinical practice.

In this direction, the bone response to dental bone grafts is conventionally investi-
gated by microscopy techniques, such as light, fluorescence, scanning, and transmis-
sion electron microscopy. In Fig. 12.1, a microcomputed tomography (micro-CT)
volumetric reconstruction of a biphasic calcium phosphate scaffold after grafting in
a maxillary sinus defect of a sheep animal model is shown. In the table on the right,
a partial morphometric analysis of the newly formed bone is reported, considering
the bone volume-to-total volume ratio and the mean bone thickness after 3 months
from grafting. The high variability of these parameters, through the thickness of the
entire biopsy, is clearly shown. This is an example demonstrating that conventional
microscopy techniques being limited to two-dimensional (2D) local information
cannot often deliver a fully reliable quantitative analysis of the investigated constructs
or, otherwise, require laborious 3D reconstruction of serial sections.

BV/TV (%)

Figure 12.1 Micro-CT 3D reconstruction (left) and newly formed bone quantitative analysis
(right) of a biphasic calcium phosphate scaffold after 3 months of grafting in a maxillary sinus
defect of a sheep animal model. White: residual scaffold; pink: newly formed bone;

BV/TV = bone volume-to-total volume ratio; MTh = mean bone thickness.
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Furthermore, conventional and digital X-ray radiology are imaging methods that
present several important limitations linked, also in this case, to their 2D nature:
anatomical structures may superimpose causing anatomical or background noises,
possibly leading to misinterpretations of radiographs and preventing the revelation
of soft-tissue to hard-tissue relationships [13].

In this scenario, the impact of the micro-CT technique has been revolutionary,
enabling the observation of internal sample details with unprecedented precision,
high resolution, and in a nondestructive way [14]. On the other hand, despite the
high reliability of its ability to calculate the different morphometric parameters, the
physical characteristics of the photon beam produced by laboratory X-ray sources
often prevent reliable analysis of bone mineral densities and of the bone mineralization
process itself. In fact, desktop micro-CT facilities do not allow the tuning of the
selected photon energy, limiting the optimization of the contrast between bone vol-
umes of different density.

Furthermore, even if there are several X-ray diffraction studies of the hierarchical
structure of bone, the lowest hierarchical level, within the nanometer scale, is mostly
still unexplored. It is indeed necessary to gain information also at this level in case of
dental bone grafts because the distribution of organic collagen fibers and mineralized
extracellular matrix has a major influence on the mechanical performances of the
newly formed bone and of the whole graft.

In this direction, new possibilities can be offered by the third-generation synchro-
tron light sources. These large-scale facilities produce brilliant photon beams of spatial
and temporal coherence properties at the sample stage, opening new solutions for
advanced characterizations. Because of that, to efficiently study the dental bone grafts
during mineralization process, the imaging quality and the quantitative analysis can be
enhanced through the use of several synchrotron-based experimental methods, some of
them described in the following paragraphs.

12.2 Synchrotron radiation and advanced physical
techniques: a new approach

The researches carried out at synchrotron facilities have revolutionized, over the last
20 years, the modern science across a wide range of disciplines. But what is a synchro-
tron? First, it is an extremely powerful source of X-ray produced by highly energetic
electrons moving in a large circular installation. The rationale behind the synchrotron
science is linked to a single physical phenomenon: when a moving electron changes
direction, it emits energy and this energy is in the X-ray range if electrons move at
velocities close to the speed of light. Thus, a synchrotron facility serves to accelerate
electrons to extremely high energy and then make them change direction periodically
under the action of a magnetic field. The resulting X-rays are emitted and directed
toward the different beamlines that surround the storage ring in the experimental
hall. Each beamline is designed for use with a specific technique or for a specific
type of research. The European Synchrotron Radiation Facility (ESRF) in Grenoble
(F) is shown in Fig. 12.2.
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Figure 12.2 (a) ESRF synchrotron installation in Grenoble (France) (Courtesy ESRF/Ginter);
(b) schematic view of the ESRF synchrotron ring. In the Linac, the electrons for the storage
ring are produced; in the booster, synchrotrons are accelerated to an energy of 6 billion electron
volts (6 GeV) before being injected into the storage ring. The X-ray beams emitted by the
electrons are directed toward “beamlines” that surround the storage ring in the experimental
hall; (top-right inset) the storage ring includes 32 straight and 32 curved sections in an
alternating order. In each curved section, two large bending magnets force the path of the
electrons into a racetrack-shaped orbit; in each straight section, several focusing magnets
ensure that the electrons remain close to their ideal orbital path. The straight sections also host
the undulators, where the intense beams of X-rays are produced. (Modified from ESRF
Website—www.esrf.eu).

Three successive generations of synchrotron radiation (SR) facilities have resulted
in beam brilliances 12 orders of magnitude greater than the standard laboratory X-ray
tubes; for this reason, the use of these beamlines by a continually growing community
of users was the basis of the most advanced researches in a large number of scientific
areas, including chemistry, physics, structural biology, medicine, earth sciences,
materials sciences, and engineering, with a current interest in nanoscience.

SR produces X-rays of high energy, hard X-rays, with energies in the range
10—120 keV. Because of their higher energies, hard X-rays penetrate deeper into
matter than soft X-rays, those with energy below 10 keV. Furthermore, in addition
to being absorbed by a material, X-rays can also interact with the atoms, giving rise
to diffraction or scattering of the X-rays. X-ray absorption can also be followed by
re-emission of the energy absorbed, for example, as fluorescence. These interactions
with matter are used to acquire data on sample composition, allowing to address funda-
mental research problems. Typical examples are (1) high pressure research, where
equation of state, physical properties, and new materials are investigated also at
extreme conditions; (2) highly correlated systems, which are studied with novel
polarization-dependent scattering and spectroscopy techniques; and (3) time-
resolved studies, addressing microscopic processes in the subnanosecond range.
Furthermore, SR is strongly supporting the recent extraordinary revolution in biology,
in particular, with protein structural studies [15].

The following sections are focused on some peculiarities and applications of SR
sources. They illustrate some experiences and results of SR applications related to
research problems dealing with bone tissue engineering with special reference to
dental bone grafts studies. In particular, three techniques will be approached, namely
microdiffraction, microtomography, and the innovative in-line holotomography (HT).
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12.3 X-ray microdiffraction

X-ray diffraction is one of the most powerful techniques used to study the hierarchical
structure of the bone. In particular, it plays a crucial role in studying the lowest hier-
archical level, within the nanometer scale, where the distribution of organic fibers
(collagen) and crystalline mineral nanoparticles (hydroxyapatite) has a major influence
on the mechanical optimization of bone, especially in the case of newly formed bone in
adhesion to different types of scaffolds.

The standard diffraction presents, however, some limitations due to the low spatial
resolution imposed by the X-ray beam cross-section in the range between hundreds
and several microns. Technological advances in X-ray optics, especially studied for
SR, have recently and strongly improved the performances of this technique thanks
to the new possibilities to focus the beam in the submicrometer range [16].

The X-ray microdiffraction combines the standard X-ray diffraction with X-ray
focusing optics to highly improve the spatial resolution. This combination results in
particularly interesting nonhomogeneous materials where the structural properties
can change on a micrometer scale, as it is the case of dental bone grafts at the interface
between scaffold and newly formed bone.

X-ray diffraction, being a scattering phenomenon, is characterized by a reciprocal
law, with an inverse relationship between particle size and scattering angle [17]. In the
bone and common polycrystalline scaffolds (especially ceramics), the lattice interpla-
nar spacing parameter has a dimension comparable with the X-ray wavelength; conse-
quently, the angular range of observable scattering results is correspondingly
determined [wide angle X-ray scattering (WAXS)]. On the contrary, the colloidal
dimensions (between tens and several thousands of A) are enormously larger than
the X-ray wavelength, which makes the angular range of observable scattering corre-
spondingly small [small angle X-ray scattering (SAXS)].

WAXS of a polycrystalline material illuminated by a monochromatic X-ray beam
appears with the typical ring pattern (Debye—Scherrer’s rings—as shown in
Fig. 12.3(c), which will be discussed in detail later on) due to all possible orientations
of the microcrystals around the beam axis for each lattice plane family satisfying the
Bragg law. After accurately measuring the detector-to-sample distance by calibration
with a sample having a well-known structure, the corresponding lattice interplanar
spacing parameter can be determined for each diffraction ring. Moreover, the
azimuthal intensity distribution within a given ring supplies information on the grain
orientation and on the axis along which a preferred orientation may occur in the case of
texture in the material. Furthermore, the ring broadening gives information on both the
crystal size and the eventual presence of strain, once an accurate data analysis is carried
out by different procedures.

On the other hand, SAXS analysis [18] investigates the broadening of the primary
beam to assess the crystallite dimensions, orientation, and arrangement whenever a
discontinuity in electron density occurs in the sample, as in the case of hydroxyapatite
crystals embedded in the organic bone tissue.

In this direction, it has been demonstrated [19—21] that the combination of WAXS
and SAXS provides a complete quantitative description at the nanometric level of the
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Figure 12.3 Scanning-SAXS investigation of the human vertebra. The specimen was a
200-pm-thick bone section embedded in the resin. It was well visualized by X-ray radiography
(left) because, whereas transmission is high when the X-ray beam hits the organic resin, it is
low when it hits the bone (being the bone a mixture of organic matrix and calcium phosphate).
The orientation of the mineral particles is plotted by bars in the right side of the figure. Long
bars mean high alignment, shorter bars mean pronounced alignment of the particles within the
volume of each individual measurement.

From Cancedda R, et al. Bulk and interface investigations of scaffolds and tissue-engineered
bones by X-ray microtomography and X-ray microdiffraction. Biomaterials 2007;28:2505—24.

bone, giving information (1) on the crystallographic orientation distribution; (2) on the
morphological orientation distribution of the plate-shaped nanoparticles of bone; (3)
on the texture of the crystallographic axes of the particles (WAXS); and (4) on the
size, shape, and orientation of the mineral crystals (SAXS).

However, bone grafts and bone itself are nonhomogeneous composites where local
characteristics change at the micrometer level; in such systems, the nanostructure has
to be investigated by a position-sensitive method since it is necessary to relate the mea-
surement to the exact position [14]. An important issue is the orientation relationship
between the direction of the trabecula and the main direction of the long axis of mineral
crystals [22—24]. For instance, the evaluation of the micro-SAXS patterns of human
vertebra gives a high-resolution map of the thickness and the orientation of the mineral
particles in the organic matrix, as shown in Fig. 12.3.

For these reasons an innovative X-ray focusing optics, delivering micrometer and
even submicrometer-sized beams, was recently developed for combined scanning
SAXS and WAXS setups. Indeed, acquisition of SAXS patterns usually requires dedi-
cated experimental conditions, different from those used for WAXS experiments.
However, the innovative setup [19], equipped with a beam having a submicrometer
cross-section, produces a small beam size that, in turn, allows the use of a beam stopper
small enough to work with a short sample—detector distance. In this configuration, the
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simultaneous WAXS and SAXS acquisition is achieved for each investigated point,
ensuring that the complementary information is really referred to the same
micrometer-sized sample area.

Fig. 12.4(a) [21] shows the optical microscopy image of a portion of a hydroxyap-
atite scaffold seeded with bone marrow stromal cells and ectopically implanted for
8 weeks in an immunodeficient mouse. The measured area is indicated by a rectangle.
Three different regions are identified: (i) the soft tissue, (ii) the newly formed bone, and
(iii) the hydroxyapatite scaffold. The microdiffraction patterns obtained in the three
regions are shown in Fig. 12.4(b)—(d). As expected, the WAXS pattern from the
fibrous tissue is essentially a diffuse ring, whereas the patterns corresponding to
both newly formed bone and scaffold show diffraction signals due to the crystalline
phase, i.e., the HA crystallites. However, these last two patterns are different because
of the different dimensions of the crystallites: those of the scaffold are much larger, and
comparable to the beam dimension, whereas those of the new bone are much smaller.

FT NB SuB

Figure 12.4 Scaffold seeded with bone marrow stromal cells and implanted for 8 weeks in an
immunodeficient mouse. (a) Image of the stained section. Three different regions: NB
corresponding to the newly deposited bone; SUB corresponding to the scaffold substrate; FT
where a fibrous tissue is present. The rectangle indicates the analyzed sample area; (b—d)
X-ray diffraction patterns recorded at the FT (b), NB (c), and SUB (d) regions.

From Cancedda R, et al. Bulk and interface investigations of scaffolds and tissue-engineered
bones by X-ray microtomography and X-ray microdiffraction. Biomaterials 2007;28:2505—24.
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The WAXS analysis, achieving to investigate the orientation of the crystallographic
c-axis of the HA, also allowed to compare the growth model of the engineering bone to
that of the natural bone. It was found that the c-axis orientation always remains parallel
to the scaffold internal pore surface. Furthermore, derived from the SAXS signal, it
was found that a pronounced anisotropic intensity distribution is evident.

The integral intensity of the black lobes, caused by X-ray scattered by the mineral
bone crystals and adjacent to the white central shadow, is proportional to the density of
the mineral bone (expressed in g/cm?) in the investigated area. The pronounced anisot-
ropy observed in the lobes indicates that the mineral bone crystals are elongated and
have a predominant orientation, which follows the pore surface (data not shown).
By combining the WAXS and SAXS information the authors concluded that the
mean orientation of the crystallographic c-axis corresponds to the longest axis of the
mineral crystals (as normally happens in the natural bone growth model [25]), that
in turn, is parallel to the collagen fiber axis for all the patterns of the collection.

The microdiffraction technique, combining SAXS and WAXS signals, was also
applied to resorbable porous ceramic scaffolds based on Si-tricalcium phosphate (Si-
TCP), namely Skelite [26]. After seeding with bone marrow stromal cells (BMSCs),
a progressive scaffold resorption was observed while new bone was deposited. The
constructs were implanted subcutaneously in immunodeficient mice for 8 and
24 weeks. The WAXS analysis of the sample bone graft retrieved after 24 weeks
in vivo showed the occurrence of two distinct and independent HA crystal sizes: micro-
sized crystals for the scaffold and nanosized crystals for the newly formed bone. Quan-
tification of the crystalline phases of interest (HA of the newly formed bone, HA and
TCP from the scaffold) was obtained by applying the Rietveld method [27]. Further-
more, qualitative images were obtained by generating five diffraction patterns as signal
models. Each pattern corresponded to one of the crystal structure occurring in the
investigated area: HA, Si-TCP, and (§-TCP, for the microcrystalline scaffold phases,
nanocrystalline HA for the newly formed bone, and an amorphous scattering curve
for the soft tissue.

For the investigated sample, nanocrystalline HA and amorphous represented the
highest signals, whereas the crystalline components of the original scaffold were van-
ishing almost everywhere. A quantitative characterization of the analyzed tissue was
provided for each pixel, providing the spatial evolution of the materials belonging
to the original scaffold and to the new bone tissue. This allowed the monitoring of
the mineralization process with respect to the selective resorption of the original scaf-
fold phases across any direction at the interface between the newly formed bone and
the scaffold. The obtained data confirmed that at the interface between scaffold and
newly formed bone the TCP component of the ceramic decreases much faster than
the HA component.

12.4 X-ray microtomography

The introduction of the CT in medical imaging has revolutionized and strongly
improved not only diagnosis but also research, with special reference to bone districts.
CT avoids misinterpretations due to the superimposition inherent to radiographic
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imaging, and it nondestructively delivers volume reconstruction with contrast discrim-
ination up to 1000 times better than that of a conventional radiograph [28].

Micro-CT is similar to conventional CT usually used in medical diagnosis but,
unlike CT systems, which typically reach the spatial resolution of about 0.5 mm,
micro-CT is capable of achieving a spatial resolution up to 0.2—0.3 um, i.e., about
three orders of magnitude lower [14].

In this context, SR offers the possibility to select X-rays with a small energy band-
width from the wide and continuous energy spectrum and, at the same time, it guaran-
tees a high enough photon flux for efficient imaging. Moreover, the use of SR allows
tuning of the selected photon energy, with the aim to optimize the contrast between
phases with different density in the investigated sample. This possibility is of great
interest for micro-CT since it allows high spatial resolution images to be generated
with high signal-to-noise ratio, permitting also to perform density measurements after
several standard calibration measurements.

In this direction, allowing an accurate 3D examination of samples, SR-based micro-
CT was first employed to reconstruct at high resolution the complex architecture of
bone tissue [5] and now it is increasingly becoming a powerful tool for the engineered
bone characterization, including the study of dental bone grafts.

In this context, interesting micro-CT studies have been performed on different bio-
materials that have previously been indicated as bone-substitute optimal candidates in
dental districts. In particular, successful bone regeneration using biphasic calcium
phosphate materials has been reported in the recent literature in some clinical applica-
tions for maxillary sinus elevation [29,30]. Special morphologies of 3D scaffolds, in
particulate or block formulations, potentially realize ideal systems to be used either
in an acellular strategy (pure scaffold grafting and its colonization by endogenous
cells) [29] or combining the biomaterial with cells in vitro [31]. Although these re-
ported studies were based on a single time point (6 months), a quantitative Kinetics
evaluation of blocks versus granules in biphasic calcium phosphate scaffolds was car-
ried out by SR X-ray micro-CT [32]. Twenty-four bilateral sinus augmentations were
performed and grafted with HA/B-TCP 30/70, 12 with granules and 12 with blocks.
The samples were retrieved at different time points and were evaluated for bone regen-
eration, graft resorption, neovascularization, and morphometric parameters by micro-
CT. A large amount of newly formed bone was detected in the retrieved specimens,
together with a good rate of biomaterial resorption and the formation of a homoge-
neous and a set of new vessels. The morphometric values were comparable at
5/6 months from grafting but, 9 months after grafting, this revealed that the block-
based specimens mimicked the healthy native bone of the maxillary site slightly better
than granule-based samples. This study is an example of the possibilities offered by
SR-based micro-CT to accurately assess the kinetics on the long term of bone growth
in dental bone grafts, thus achieving a detailed comparison between different morphol-
ogies of the scaffold.

In this context, there are several other studies in literature [ 14,33], demonstrating by
micro-CT, the bioactive role of TCP or of TCP in combination with HA in bone
regeneration.
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Another example of ceramic material known for its ability to bond and to stimulate
bone regeneration is the coralline-derived calcium phosphate [34,35]. SR X-ray micro-
CT was recently used also to analyze the 3D porous architecture and microstructure of
coralline-derived calcium phosphate scaffolds after long-term in vivo tests on humans
[36]. Implant survival, bone regeneration, graft resorption, neovascularization, and
morphometric parameters (including anisotropy and connectivity index of the struc-
tures) were evaluated after 6/7 months from grafting in human maxillary bone defects.
A huge amount of bone was detected in the retrieved Biocoral-based samples, coupled
with a good rate of biomaterial resorption and the formation of a homogeneous and
rich net of new vessels. In Fig. 12.5, representative three-dimensional subvolumes
are shown for the maxillary grafts obtained using porous Biocoral, bulky 3-TCP,
and HA(30%)/TCP(70%) scaffolds, respectively. In all the represented volumes, the
vessel phase appears in green, the newly formed bone in pink, and the scaffold, inde-
pendently from the specific biomaterial, in white. It was possible to detect newly
formed vessels because the chosen experimental sample-to-detector distance, con-
tained not only absorption but also phase-contrast signal, allowing also the visualiza-
tion of these unmineralized tissues. The problem of the vascularization detection by
micro-CT will be discussed later.

In any case, the sample referred to the Biocoral scaffold (Fig. 12.5(a)) presented a
huge amount of newly formed bone with residual Biocoral, which was still not fully
resorbed after 6 months from grafting. In the sample referred to the 8-TCP block scaf-
fold (Fig. 12.5(b)), the results were completely different: a small amount of regener-
ated bone, almost surrounding and in adhesion with the peripheral TCP grains, was
detected. Finally, as shown in Fig. 12.5(c), the 70% (3-TCP/30% HA sample, in anal-
ogy with the behavior of the Biocoral, presented a huge amount of newly regenerated
bone. Morphometric 3D analysis confirmed these evidences showing that Biocoral
microstructure is comparable to that obtained in the biphasic calcium phosphate-
based control, with the exception of the connectivity index for which this control
exhibited the most well-connected structure. On the contrary, the TCP block sample

Figure 12.5 Regenerative properties of different scaffold grafts in human maxillary defects.
Representative subvolumes (a) of the coralline-derived biomaterial (Biocoral) scaffold as
retrieved from in vivo test after 6 months; (b) of the bulky sample made of 3-TCP as retrieved
from in vivo test after 6 months; (c) of the 70% b-TCP/30% HA sample as retrieved from
in vivo test after 7 months. Green phase, regenerated vessels; Pink phase, newly formed bone;
White phase, scaffold.
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showed the worst morphometric characteristics in terms of newly formed bone due to
its bulky shape with too low porosity. These morphometric data confirmed that despite
the optimal performances of the G-TCP biomaterial for dental bone grafts, the partic-
ular TCP block morphometric characteristics do not favor bone regeneration.

As a general conclusion, micro-CT supported the finding that the implant success
rate seems strictly dependent not only on biochemical properties but also on the
morphology of the biomaterial [36].

In this context, the micro-CT capability of extracting morphometric parameters at
the 3D level becomes of fundamental importance because, if on one hand, the histo-
logical results are greatly reproduced by micro-CT investigations. In this way, it is
possible to overcome the histology limitation of not properly resolving the 3D struc-
tural information. Confirmation of the congruence between histological and micro-CT
data is shown in Fig. 12.6, where a micro-CT and a histological image of the same
collagenated cortico-cancellous bone graft in a human maxillary defect are reported.
Micro-CT is able of discriminating (and quantify in 3D) all the mineralized phases
shown in histological images: the residual scaffold, bone under remodeling, and
also the fully mineralized bone.

However, it has to be stressed that third-generation synchrotron sources, such as
ESRF or ELETTRA, produce brilliant photon beams with high spatial coherence prop-
erties, which are also suitable for application of phase-sensitive X-ray imaging
methods. In particular, 3D imaging techniques based on phase-contrast detection offer
an improved sensitivity compared to conventional attenuation-based techniques.

Histology

Figure 12.6 Micro-CT (top) and histology (bottom) images of collagenated cortico-cancellous
bone grafts in human maxillary defects. Micro-CT ability to discriminate (in 3D) all the
mineralized phases is shown, matching the histological information. Fm, fully mineralized
bone; Rem, bone under remodeling; Sc, residual scaffold.
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The phase-contrast approach differs from conventional X-ray imaging because the
resulting images are not based solely on attenuation contrast. In fact, the effect of the
X-ray beam going through the sample is usually described by the refractive index n:

n(r) =1-06(r) +iB(r), (12.1)

where 6 is the refractive index decrement and (3 is the attenuation index.

As 0 is much larger than the imaginary part 8, the phase approach provides greater
sensitivity than the absorption approach. ¢ is actually proportional to the mean electron
density, which in turn is nearly proportional to the mass density.

This gain in sensitivity can be several orders of magnitude for soft materials, which
makes the phase-contrast micro-CT appealing for imaging of biological tissues, with
special reference to dental bone grafts where we find osteocytes, bone under regener-
ation and remodeling, and the newly formed vascularization net.

Unfortunately, the simplest phase-contrast imaging arrangements do not automati-
cally provide quantitative information, making the application of phase retrieval algo-
rithms necessary. Satisfactory phase retrieval from a single-distance set of projections
in free-space propagation in combination with the small exposure times due to large
photon fluxes at synchrotron beamlines enable the quantitative analysis of these sam-
ples, thanks to the improvement in the segmentation of the different phases compared
with conventional setups.

Typically, the phase retrieval implies the reconstruction of two different real-valued
3D distributions, 6(r) and B(r); such reconstruction generally requires acquisition of at
least two different 2D projections at each view angle. However, in some cases, it can
be shown a priori that the distributions of the real and imaginary parts of the refractive
index are proportional to each other:

B(r) = ed(r), (12.2)

where the proportionality constant & does not depend on the spatial coordinates. This
assumption is possible only for special classes of objects, such as pure-phase (i.e., very
weakly absorbing) objects, or homogeneous objects, such as objects consisting pre-
dominantly of a single material (possibly, with a spatially varying density) [37]. This
last case is represented by dental bone grafts, especially at the early stages of bone
formation when there is a slow variation of the complex amplitude (‘“monomorphous”
specimen). In this situation, a single projection per each view angle is sufficient for
reconstruction of the 3D distribution of the complex refractive index [38].

This experimental protocol was used in a recent study of the early stages of in vitro
bone formation in collagenated porcine scaffolds cultured with human periodontal lig-
ament stem cells (WPDLSCs) [39]. The comparison between the osteogenic potential of
this structure in basal and differentiating culture media was explored to predict the
mechanism of its biological behavior as graft in human defect. In vitro cultures of
human PDLSCs obtained by scraping of alveolar crestal and horizontal fibers of the
periodontal ligament were seeded onto collagenated porcine blocks constituted by nat-
ural cancellous and cortical bone. 3D images were obtained by SR phase-contrast
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micro-CT and processed with a phase retrieval algorithm based on the transport of
intensity equation [37,40]. From the second week of culture, a newly mineralized
bone formation was observed in all scaffolds, both in basal and osteogenic media. It
was shown that bone mineralization takes place preferentially in the trabecular portion
of differentiating medium. In Fig. 12.7 a sample after 3 weeks of culture in osteogenic

Figure 12.7 Collagenated porcine scaffolds and human periodontal ligament stem cells after
3 weeks of culture in osteogenic medium. The interaction between cells and scaffold produces
3D micro-CT images with two different phases, corresponding to different 6 (refractive index
decrement) values. The scaffolds are rendered in gray (a), whereas the contrast produced by

cells—the newly formed bone—is colored in magenta (a and b). Color map of bone thickness
distribution at week 3 is given in (c). Thickness scale on the right-bottom edge: from 10 um
(blue) to 390 pum (red).
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medium, representing the mineralized portion, is shown in magenta (panels a and b)
and shown using a color map for bone thickness distribution (panel c). Interestingly,
micro-CT studies also revealed a mass density decrease in scaffolds seeded with
hPDLSCs and in both media from the first to the second week of culture, whereas a
slight increase was observed from the second to the third week. This seems to indicate
that the scaffold bioresorption is more accentuated up to the second week of culture.

Looking at scaffold changes over time is still a challenging subject and needs a sta-
tistically consistent sample size with even more powerful detection systems (possibly
increasing the spatial resolution and the signal-to-noise ratio) [41]. This will provide
reliable quantitative data when micro-CT reconstruction histograms of biostructures
undergoing remodeling (such as during cell adhesion, proliferation and differentiation
on a bioresorbable scaffold) will receive a proper segmentation.

12.5 From micro-CT to HT: the new trends

The researches described in the previous paragraphs referred to SR-based microdif-
fraction and microtomography studies of bone grafts; they clearly indicate how both
techniques complement each other in providing useful structural information on the
newly formed bone at different hierarchical levels.

However, to do a reliable prevision on the life in service of a specific dental bone
graft, it is not sufficient anymore to exclusively investigate the properties of mineral-
ized tissues (such as the residual scaffold and the regenerated bone) but it is also funda-
mental to assess the presence, the distribution, and quantify unmineralized tissues
(osteocytes, extracellular matrix, blood vessels, nerves, bone marrow, etc.) within
the investigated specimens. In this direction, a growing interest is focused on the
vascularization of the regenerated district [42,43].

In this context, a new SR-based physical technique was recently explored, namely
the HT. HT physical principles are the same as those described for phase-contrast
tomography in Eq. (12.1). Although phase-contrast tomography is based on a single
distance between the detector and the sample, HT involves imaging at several dis-
tances, combining the phase shift information to generate 3D reconstructions. The
HT setup at the ID19 beamline of the ESRF facility is shown in Fig. 12.8(a).

The imaging process, leading to the 2D phase radiographs, can be described as sim-
ple propagation, defocusing, or in-line holography and is done in two steps: in the first,
the 2D distribution of the beam phase shift is retrieved; in the second, the 2D phase
maps previously obtained are converted into a stack of 2D slices with the filtered
back projection algorithm.

Thus, tomographic slices show the different physical densities of the analyzed sam-
ples. From these differences, we can evaluate the degree of mineralization. Further-
more, in the 3D reconstructions it is possible to observe also the presence of new
vessels and extracellular matrix (ECM), which are transparent in conventional
attenuation-based tomographic reconstructions because of their low attenuation
coefficients.



Analysis of bone response to dental bone grafts by advanced physical techniques 243

\&) |

- Phase contrast data acquisition i

Figure 12.8 Synchrotron X-ray HT. (a) Setup at the ID19 beamline of the ESRF synchrotron
facility (Modified from ESRF Website—www.esrf.eu); (b) portion of a 3D reconstruction for a
human mandible revealing the vascularization net. (Modified from Giuliani A, Manescu A,
Langer M, et al. Three years after transplants in human mandibles, histological and in-line HT
revealed that stem cells regenerated a compact rather than a spongy bone: biological and
clinical implications. Stem Cells Transl Med 2013;2:316—24).

Hence, HT is helpful when the material of interest has very small variations in atten-
uation coefficients, which lead to unsatisfactory imaging results even with phase-
contrast techniques based on a single distance between sample and detector. This is
the case, as experienced and shown in Refs. [33,44], for fully and partially mineralized
bones, such as those created by a regeneration process deriving from engrafted stem
cells.

The first application of HT to study the angio- and microvasculogenesis process in a
tissue engineered biological system (without any contrast agents to identify the micro-
vasculature) was referred to Komlev [33]. In this work, 67% silicon-stabilized TCP/
MSC composites were implanted subcutaneously on the back of immunodeficient
mice. Mice were sacrificed 24 weeks after implantation and the extracted constructs
were investigated by micro-CT and HT. Micro-CT 3D images were reconstructed
from a series of 2D projections using a 3D filtered back projection algorithm, although
“holographic” acquisitions were treated, at each sample-to-detector distance, with a
phase retrieval procedure based on transport of intensity equation with a successive
reconstruction of the 3D images by the filtered back projection algorithm. To combine
both 0(x;y,;z) and B(x;y;z) maps, an optimized alignment procedure for one tomo-
graphic and three holotomographic (HT) volumes was used. Consequently, these vol-
umes were aligned in one using the so-called, pseudo-HT process. Using this
technique, soft tissue and vascular network were simultaneously imaged and quanti-
fied by using an adequately chosen algorithm and threshold value.

In a second work [44], the stability and quality of regenerated bone and vessel
network were assessed, with conventional procedures and in-line HT, in mandible
grafts (made of dental pulp stem cells seeded on collagen I scaffolds) 3 years after
the grafting intervention. In this study, an innovative method for phase retrieval that
was recently experimented and described by Langer [45] was explored. HT allowed
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not only to acquire qualitative and quantitative information on hard tissue, revealing
that newly formed bone is of compact type (rather than a cancellous type that is phys-
iological for the area), but also to assess the presence, the distribution, and quantifica-
tion of unmineralized tissues (osteocytes, extracellular matrix, blood vessels, nerves,
bone marrow, etc.) within the investigated specimens. One example of HT capacity
to reveal the vascularization net is shown in Fig. 12.8(b).

Besides the specific results previously described, HT method is expected to be of
much more general interest when considering dental bone graft engineering and
stem cells therapeutic approach. In particular, the progress associated to this technique
could be extrapolated to angiogenesis and microvasculogenesis studies in pathologies
characterized by inflammation and tissue damage such as diabetes and osteoporosis.

This is of paramount importance and demonstrates that SR-based techniques, with
special reference to HT, appear to be important ways to investigate the cellular events
involved in bone regeneration and represent promising tools for future clinical inves-
tigations of the craniofacial tissues.
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13.1 Introduction: physical principles of mechanical
monitoring of the bone-implant interface;
vibration, ultrasound and acoustic emission

Ultrasound is widely used in medical applications, most notably in scanners for fetal
monitoring, where contrast is achieved by differing scattering of components and
reflection and transmission properties at boundaries between media with different im-
pedances [1] thus generating an image. Such “active” ultrasonic probing also finds
more quantitative medical application, for example, in soft tissue diagnostics, where
it can be used to detect abnormalities (such as cancers), again using elastic transmis-
sion and reflection contrast, both of which are governed by differences in elastic
modulus of the components of the tissue [2]. Variants on this technique include
(sono-)elastography, which involves taking multiple elastographic images while
deforming the target material [3] and using particular types of ultrasonic waves,
such as surface acoustic waves [4] to enhance image contrast.

Acoustic emission (AE) is another technique that involves ultrasonic waves,
although, in this case, the waves are self-generated, most commonly by microscale
fractures. The term is something of a misnomer since the waves generally propagate
at frequencies in the ultrasonic (rather than the conventionally “acoustic”) range and
are detected on the surfaces of the target material (and hence are not “emitted” in
the conventional sense). AE has been very widely used in physical applications,
including the detection of progressive fracture in composite materials [5] and even
in machinery [6], and its applications in medicine, for reasons explained in Section
13.4, are only now evolving. Uniquely [7], researchers have applied the principles
of traditional AE monitoring in an active mode to monitor the bone—dental implant
interface using artificial AE sources in the mouth.

Palpation and vibration, unlike the two foregoing methods, do not use the transmis-
sion of mechanical waves, but involve either deformation of the target material (as in
sonoelastograpy mentioned above) or the (forced or free) vibration of a surface of the
target material at much lower frequencies than the ultrasonic or even the acoustic.
Thus, for a given amount of energy (in the probe or the source), the surface movements
are proportionately larger and hence can be detected using different types of
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instrument. Because the governing physical equations are now the constitutive rela-
tionships of the material(s) involved, the quantities that need to be sensed are stress
and strain, commonly measured as force and displacement. Palpation is used routinely
by clinicians to assess various conditions, including looseness of teeth and dental im-
plants, and, recently, a number of applications of “instrumented palpation” have been
published [8] where the results can be correlated quantitatively with a clinical condi-
tion. The commonest application of vibration analysis in medical diagnostics is the
assessment of stability of implants, reviewed in Section 13.2, although one group
[9] have combined palpation with vibration in a technique they call “dynamic instru-
mented palpation.”

A key difference between approaches based on deformation and wave propagation
is the effect of aqueous components in the tissue. Although water (or a watery tissue
component) allows the relatively free passage of elastic waves, deformation can be
heavily influenced by the presence of watery components in soft tissue. For instance
[8], researchers found that the periodontal regions around even cadaveric (porcine)
teeth have a significant viscous component with time constants in the 1- to 10-s and
100-s orders. Since all implant materials, bonding agents, and dense bone behave,
by comparison, in an elastic manner, differences in material and implant damping
can, therefore, in principle, be used to monitor implant stability.

The mechanical stability of a dental implant depends critically on the integration of
the metal with the bone into which it is inserted. Two broad regimes of stability are
conventionally recognized; primary and secondary [10]. Primary stability is achieved
on initial insertion by applying a suitable torque to a screw, which achieves contact by
compression of (mostly cortical) bone. After about four weeks, cancellous bone grows
around and into the implant, ultimately, it is hoped, leading to full osseointegration,
where dense bone forms to an equilibrium depth within the surrounding cortical and
cancellous bones, the degree to which this occurs being characteristic of the final
stability [11].

Orthopedic implants, for example, the stem inserted into the femoral canal used in
total hip arthroplasty, may involve osseointegration into textured implant surfaces,
press-fitting or cemented fixation, which uses a (usually poly-methyl-methacrylate
(PMMA)-based) cement placed into the canal prior to the installation of the implant
[12]. Notwithstanding the different geometries and materials used, the basic principle
of stability is the same for all implants, and so this chapter includes some reference to
orthopedic implants, where relevant. Equally, a number of studies of both dental [13]
(and orthopedic [12] implants) use physical models for all, or part, of the interface and
surrounding hard and soft tissues.

Fig. 13.1 illustrates, schematically, the main modes of mechanical examination of
the dental implant-bone interface. The first of these (Fig. 13.1(a)) is the most mature
in terms of application and involves a vibrational (force) stimulus of the implant with
the response (displacement) giving a direct measure of mechanical stability. The sec-
ond (Fig. 13.1(b)) is derived from ultrasonic nondestructive testing and involves the
injection of (usually) a pulse of ultrasound from a transponder. The pulse is reflected
from the tooth-implant interface and the reflected pulse is read by the transponder,
from which its quality can be deduced. The last two modes are perhaps the least
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Figure 13.1 Schematic diagrams of the basic physical principles of mechanical implant stability
monitoring. (a) Vibrational response, (b) ultrasonic probing, (c) conventional AE monitoring,
(d) AE transmission.

clinically mature of the techniques, although conventional (passive) AE monitoring
(Fig. 13.1(c)) has been used for many years to examine the degradation of the inter-
face in the laboratory under simulated physiological loading. In this method, degra-
dative events (such as microcracking) are detected on the surface of the specimen,
subject or bone model by propagation of waves from the generation site to a trans-
ducer. The active technique (Figure 13.1(d)) is not unlike conventional ultrasonic
testing, except that the source is usually a simulated one (avoiding the use of a tran-
sponder in the mouth) and it is the transmitted (as opposed to the reflected) ultra-
sound that is used as an indicator of interface quality.

These modalities are discussed in turn in Sections 13.2—13.4 and a summary of the
state-of-the-art is provided in Section 13.5

13.2 Vibrational techniques

Following insertion, a dental implant fixity varies from the primary stability due to the
mechanical engagement between the screw and the (mostly) cortical and cancellous
bone (Fig. 13.2(a)) to a final equilibrium where (cancellous) bone remodeling and
regrowth are complete (Fig. 13.2(c)). Both the primary stability and the secondary
stability, as well as the intermediate stages (Fig. 13.2(b)), are patient specific, hence
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Figure 13.2 Phases of stability of implant fixity in a schematic cross-section of jaw bone.
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the need for monitoring to ensure acceptable function. A further complicating factor is
that the implant design and surgical technique and follow-up can all affect bone remod-
eling because of its response to loading [11].

It is widely established that bone elastic modulus depends on bone density.
Researchers [14] have carried out a systematic review of relationships between bone
density and mechanical properties but found it difficult to draw a firm conclusion
due to the wide variation in test conditions. After normalizing for strain rate and
different density there was still a wide range in reported values of modulus, although
it is clear from the data presented that compact bone (density of 1.8 g/cm®) has a mark-
edly higher modulus (10—18 GPa) than a typical trabecular bone (0.5 g/cm?), showing
arange of 0.2 to about 3 GPa. Given that the modulus of a typical implant material is in
the order 200 GPa, the configurations represented in Fig. 13.2, even for full osseointe-
gration, essentially constitute a column on an elastic support, so that the response to a
force (irrespective of its direction) will be dominated by the stiffness of the support. It
is, therefore, possible to calculate the response using elastic theory, although the cal-
culations normally require numerical analysis, such as using finite elements (FE). For
example, some researchers have used relationships for the modulus (E) of cancellous
bone and cortical bone:

Ecancellous = 2-3491)2'15
Ecortical = —23.93 + 24p

with density (p), which is attributed to O’'Mahoney et al. and Rho et al. [15,16],
respectively, to model the response of an implant during osseointegration. Lin et al.
calculated the implant neck displacement under a typical biting force to fall from around
0.05 mm to around 0.035 mm over the 48 months where the cancellous bone density
increases (in a nonlinear fashion) from about 0.9 to 1.17 g/cm3. The same model



Acoustic emission and ultrasound for monitoring the bone-implant interface 251

indicates a change in the first three natural frequencies of about 30%, mostly within the
first 3 months, when the bone density increases from about 0.9 to 1.02 g/cm’.

The above calculations and observations indicate the basis of implant stability
monitoring, which essentially involves variants of methods that have been used widely
in engineering and derive ultimately from what can be felt and heard by engineers and
clinicians alike when testing the security of a foundation. All involve the application of
an impulsive or modulated force to the abutment or the crown and the measurement of
the resulting movement of the target. The movement is a time-varying function and can
be interpreted in various ways, such as a frequency of resonance, which is then corre-
lated with stability.

There are two main classes of clinical device for dental implant stability measure-
ment, resonance frequency of the implant and impulse response [10]. There is much
discussion about which is the more sensitive to stability, but this is probably a ques-
tion of the engineering of the particular device rather than an inherent aspect of the
method.

Stability measurements are often used to compare implant designs [17—19], inter-
patient variations [20], or surgical technique [21,22]. Researchers have specifically
compared impact response (IR) and resonance frequency (RFA) measurements for
a series of physical models made from polyurethane and polyurethane foam to simu-
late cortical and trabecular bone. They used a proprietary RFA instrument, which
outputs an implant stability quotient (ISQ) related to the resonance frequency and
used a proprietary impactor to excite the sample implants to which an inductively
coupled transducer was attached to give the displacement response of the implant
to the impactor as a function of time. This response was then analyzed to provide
its frequency spectrum and the peak frequency chosen as the indicator of stability.
They found that the two indicators were highly correlated and both changed in a
similar way with changes in the model stability. They concluded that the peak fre-
quency of the impactor response showed better consistency and differentiability
over the range of stability studied, although this could be down to the detailed design
of the two systems used rather than any inherent superiority of the technique.
Certainly, the impulse-response technique holds more information since the response
contains a range of frequency, although the use of the peak frequency narrows this
potential advantage.

A growing proportion of the more recent published work involves joint clinical and
engineering research and often includes mechanical (usually FE) modeling of the com-
plex and evolving distribution of density (and hence modulus) around the implant,
and/or development of techniques for improved resolution. In the former category is
the work of Huang et al. [23] who investigated a FE model of an implant embedded
in a square prism of bone in four configurations of systematically decreasing density;
compact bone, dense trabecular bone surrounded by a thick layer of compact bone,
dense trabecular bone surrounded by a thin layer of compact bone, and low-density
trabecular bone surrounded by a thin layer of compact bone. The calculated resonance
frequency ranged from around 32 kHz to around 10 kHz over the range of stability
considered. In the latter category [24], researchers have introduced a method which
uses a piezoelectric transducer to introduce multidirectional vibrations over a range
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of frequency, while measuring the mechanical resistance of the implant (what they
term “‘electromechanical impedance™). In a later work, the same group [25] success-
fully simulated numerically the entire electromechanical system for a series of samples
consisting of implants installed in bovine femur (cortical and trabecular bone) where
the integration was simulated using root canal sealer.

Researchers [26] have considered the overall problem of implant stability modeling
from a biomechanical perspective and have pointed out that both IR and RFA methods
suffer from the potential disadvantages that the stimulus may be directional, thus inter-
rogating only one aspect of the stability and, furthermore, that the surrounding bone,
tissue, and even the implant design (e.g., length) can affect results (or at least calibra-
tion) and so detract from the monitoring of the interface between the implant and the
bone. Vibration monitoring has also been advocated for detecting the loosening of hip
prosthesis, where a stimulus, typically at a frequency of 100—2000 Hz, is introduced at
the likely natural loading points, often a condyle of the femur, and the response
measured at the other end of the femur (typically on the greater trochanter) [27,28].
Researchers have commented that the vibration response can be distorted by the sur-
rounding soft tissue and have demonstrated, using a physical simulation, that an ultra-
sound probe to measure the response gave significantly clearer signals than the more
conventional accelerometer.

13.3 Conventional ultrasonics

Researchers [26] have suggested that ultrasound, applied in pulse-echo mode at a
convenient surface on the implant, will be sensitive to the interfacial region with rela-
tively little sensitivity to the surrounding bone and tissue, thus offering better
sensitivity than vibrational techniques. The essential physical basis is shown schemat-
ically in Fig. 13.3, where the outgoing pulse (of known speed, frequency and mode)
from a transducer-sensor is transmitted through a couplant layer (which may be quite
thin) to the implant, through which it travels relatively unattenuated until it encounters
a boundary with another medium (material) where the wave speed is different. Some of
the ultrasound is transmitted and some of it is reflected, a proportion undergoing what
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Figure 13.3 Schematic arrangement of pulse-echo ultrasonic testing of bone-implant interface.
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is known as a mode conversion. Ultrasonic wave speeds depend on modulus and so the
relative amounts of bone and fluid (i.e., bone density) at the interface will affect the
amount of reflected ultrasound recorded. When the return wave reaches the couplant,
some is transmitted back to the sensor and some is reflected back into the implant, so
the same pulse may make many journeys to and from the interface.

The approach is very well established in engineering nondestructive testing to
search, for example, for cavities in metallic castings. Some of the early works applied
this principle to implants [29], where two slabs of bone cement were set up, one
clamped and one bonded onto slabs of implant material to establish the characteristic
return signals from the bonded and unbonded couples. They were then able to demon-
strate that the same characteristic differences in return signals were seen with total hip
femoral implants, which had been bonded into human cadaver femurs and the same
implants, which had been removed and simply hammered back into their sockets.

Authors [30] went a step further, embedding a cylindrical implant model in ex vivo
rabbit femurs using four different sized holes to represent a variation in primary stabil-
ity. They then coupled an ultrasonic sensor/transducer to each implant surface and
quantified the return echoes by adding the maximum amplitudes of the first 50 peaks.
They found this indicator to be strongly indicative of the amount of simulated primary
stability in their model. In later work, the same group [31] numerically simulated the
pulse-echo wave propagation and successfully demonstrated that the return peaks
could be classified as two types, which they termed “direct” and “transverse,” the latter
being a mode-converted reflection. By summing odd and even-numbered peaks, they
were able to separate the diagnostic resolution of the two modes and found that the
mode-converted indicator was more efficient. Further developments have included us-
ing the same approach to monitor rabbit femurs where a disc-shaped piece of implant
material had been integrated in vivo to various degrees using a rabbit model [32] and
where a cemented dental implant has been subjected to cyclic loading [33], both with
some success.

These developments, along with others using different pulse inputs [12], have been
quite successful, although there is a slight issue that the transducer/sensor can be quite
sophisticated and its deployment in the mouth could lead to difficulties, including with
coupling, and hence consistency of measurement.

13.4 Active and passive acoustic emission

Passive AE of implants requires the presence of a stimulus of the interface, usually
brought about by artificial or natural loading (Fig. 13.4). The resulting reaction at
the bone-implant interface can only be monitored if it leads to some kind of degrada-
tive event, such as microcracking of bone and/or cement. The technique has been used
routinely to examine the behavior of new implant materials and designs. For example
[34], researchers evaluated the adhesion strength of bioactive glass coating on titanium
alloy oral implants and found AE to be useful in indicating the time and extent of
cracking during force-displacement tests. Similarly [35], Santulli and Billi used AE
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Figure 13.4 Schematic of passive AE monitoring of implants.

to monitor the failure of the implants under off-axis loading. The rather larger area and
the use of cement in total hip prostheses have also led to AE being used to monitor the
interface [36]. Researchers demonstrated that the accumulation of damage due to
repeated loading in acrylic bone cement in hip stems could, in principle, be monitored
using AE. They prepared cylindrical cement specimens and subjected them to various
kinds of loading, assessing the cumulative AE counts (i.e., the summed number of sig-
nificant events recorded at the sensors). Furthermore, they deployed two sensors on the
specimens and used event correlation to locate the source of each event [37]. Re-
searchers reviewed the role of AE in orthopedics and concluded that AE can locate
and monitor bone cement damage in vitro and suggested, without being particularly
specific, that “smart implants” could be developed to allow in vivo monitoring.
More recent developments by the same group include [38] various loading se-
quences of an idealized implant shape cemented into a bone analog material (Tufnol).
Both embedded (in the implant) and surface (on the Tufnol) sensors were used and the
events indicated by the AE sensors and parallel micro-CT scans. They concluded (with
some qualification) that embedded sensors gave better correlations with the observed
damage from the CT scans. Also, in the context of embedded versus surface sensors for
monitoring the degradation of hip replacement stems [39], researchers have assessed
AE attenuation in tissue by taking surface measurements on subjects with hip implants
and asking them to perform a set of physiological tasks. However, they used sensors
with a resonant frequency of 25 kHz, somewhat lower than that used by many other
researchers. Nevertheless, on the assumption that the sources from the different trials
and different subjects lie within a relatively narrow range of amplitude and frequency,
they were able to establish the attenuation transfer functions for live human tissue.
Although not associated with implants [40], researchers have assessed the use of
AE to monitor disbonding of composite dental restorations during curing over a period
of 10 min. The results were compared with micro-CT scans and with the shrinkage
stresses, measured using a tensometer. They found a reasonable correlation between
the cumulative AE on the one hand with shrinkage stress and cracking for the various
types of restoration and specimen configuration on the other hand. Again relevant,



Acoustic emission and ultrasound for monitoring the bone-implant interface 255

although not directly related to implants [41], researchers have measured both ultra-
sonic transmission and fracture-related AE in bovine, ovine, and artificial bones.
They report the relevant wave speeds (around 4000 m/s for surface transmission in
ovine and bovine bone) as well as observe a relationship between cumulative AE
events and bone microfracture [42]. They have also measured ultrasonic transmission
speeds, this time in vivo and in human jaw bones for the purpose of using such mea-
surements to quantify bone density before implantation. They found through-
transmission speeds to be around 1700 m/s and concluded that some measurements
might be usable for diagnostic purposes.

Recently, one group has combined some of the advantages of all of the aforemen-
tioned techniques, by introducing artificially induced AE into dental implants and
measuring the proportion of the AE that is detected at a sensor placed on the bone or
on the cheek of the patient (Fig. 13.5). The method relies on the use of a “standard”
source, which is a reproducible ultrasound input generated from a physical phenome-
non, such as a pencil-lead break (impulsive) or an air-jet (continuous). Artificial impul-
sive sources that do not involve fracture (or other phenomena undesirable in the mouth)
are possible, although these are generally less easy to make reproducible. Using pencil-
lead sources on implants installed in bovine rib bones [7], researchers have shown that
the amount of AE transmitted to the surface of the bone is sensitive to the length and
diameter of the implant as well as whether it is appropriately torqued (tight) or not
(loose), thus making it a good indicator of primary stability. In a later work [43],
they found that this relationship was affected by the hydration level of the bone but still
gave a good indication of primary stability. To test the deployability of the technique
in vivo, an air-jet source was developed and its sensitivity to primary stability cross-
checked with the impulsive source. A small group of patients with fully osseointegrated
implants was selected and air-jet transmission tests were carried out on these subjects;
two indicators (transmitted energy and a measure of the frequency content of the trans-
mitted AE) have been calculated for each patient. A score was devised for each patient
based on qualitative observations, such as the amount of soft tissue between implant
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Figure 13.5 Schematic of active AE monitoring of implants.



256 Bone Response to Dental Implant Materials

and cheek, the movement of the patient, and more quantitative observations, such as
implant size. Both transmission indicators were found to vary in a systematic way
with score, suggesting that, with appropriate validation and calibration, the in vitro find-
ings could be applied in vivo for a simple assessment of primary stability [44].

13.5 Summary of current state-of-the-art; dental and
nondental implants

This section has illustrated the importance of mechanical stimulus response in the
monitoring of dental implant primary and secondary stability. Broadly speaking, the
higher the frequency of the mechanical stimulus, the less energy (and potential pain
and/or damage) is involved. Also, when moving from low to high frequency, there
is a move from whole-body vibration to wave propagation and in the essential physics
of how the response is conditioned by the condition of the bone-implant interface.

A comparison has also been drawn with orthopedic implant monitoring as this has
some common elements and has attracted considerable interest among the researchers.
Because direct access to an orthopedic implant in situ is not normally possible, a num-
ber of devices have been developed with telemetry output, most of these for knee im-
plants where force measurement is important in assessing the joint stability [45—47].
More significantly for this article [48], researchers have developed an oscillator that
can be implanted in an endoprosthetic implant and actuated using an external magnetic
field. They later demonstrated the system to detect loosening in vitro in a porcine fore-
leg using acoustic-mechanical frequencies over a wide range up to 350 kHz [49].

Clearly, the field of implant monitoring is continuing to develop and it can be ex-
pected that more and more information about stability in dental implants will be
obtainable from relatively simple and noninvasive actuators and sensors.
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A new approach for modeling
bone response to dental implant
materials

A. De Sanctis, S.A. Gattone
University “G. d'Annunzio” of Chieti-Pescara, Pescara, Italy

14.1 Introduction

Information geometry is a new research field that combines geometry and statistics [1].
It derives from Fisher information in inferential statistics. Rao proved it is a
Riemannian metric in the family of probability densities. Information geometry can
be used successfully in shape analysis [2] to describe mathematically patterns from
complex systems and their changes in time. The aim of this brief note is to propose
anovel framework to model medical imaging, such as that related to the bone response
to biomaterials and implants.

14.2 The method

We deal with geometric objects such as a human head in the space. In the following, to
simplify the analysis, we will consider only planar objects, such as a section of the
skull. The shape of the object consists of all information invariant under similarity
transformations, that is, translations, rotations, and scaling. Data from a shape are often
realized as a set of points. Many methods allow us to extract a finite number of points,
which are representative of the shape and are called landmarks. The choice of
landmarks is crucial and different choices may lead to different results. To select
them in a proper way, experts can suggest where to allocate the landmarks according
to the specific application.

In Refs. [3—5], we proposed to model each landmark with a bivariate Gaussian
model using means and variances as coordinates, the former ones reflecting the
uncertainty in the landmark’s placement and the latter ones reflecting the variability
across a family of patterns.

Precisely the shape of a generic configuration may be represented by a 2K-
component Gaussian model, where the kth landmark, k = 1,...,K, of the shape is given
by the following:
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under the condition

Zk = 0',%12 = diag(a,%l , 0,%2).

In the model, the means p; = (wy, 4y ) are the registered coordinates of the kth
landmark of the shape, for k = 1,...,K. The estimated covariance matrix  , is reduced
to a diagonal one, through a suitable rotation of the landmark coordinates, with
(0’%1 , J]%Z) the vector of the variances of the kth landmark of the shape, for
k=1,...,K. The main contribution is the relaxation of an isotropic covariance
matrix as in Ref. [6], allowing the variances to vary among the landmarks and in time.

The shape representation with a Gaussian model allows the use of the Fisher—Rao
metric. Within this framework, we can compute geodesic paths by minimizing the in-
formation in the Fisher sense. The length of the geodesic path connecting two shapes
can be used for quantifying shape differences. It defines a distance called geodesic
distance.

In particular, the geodesic distance, with respect to the Fisher—Rao metric, between
a landmark of a shape §; and a landmark of a shape S5, identified by two bivariate
normal densities (,ul , 21) and (,uz, 22) with >, = diag (0’%1 , 0%2) and
>, = diag(d3,,03,), can be computed as

(0 5)- (o X)) = Vi

where, fori =1, 2,

d: = \/3cosh™! (w1i — poy) + 207, + 205,
l 40102 '

The methodology is used to perform various type of analysis. In particular, geode-
sics can be used in the following:

* For cluster analysis of shapes, for example, distinguishing biological shapes in normal and
pathological ones

e In the evolution, to reconstruct the shape in the intermediate times if it is known at two
different times

* To predict, for a short time, the evolution of the shape from its past

The procedure of clustering was tested on the second thoracic vertebra T2 of mice,
while the evolution was tested on a section of the rat skull. In both cases, we obtained
very good performance to describe the real situation [3—5].

The approach allows also the analysis of the profile of the bone of a regenerated site,
as shown in Figs. 14.1 and 14.2.

In particular, cluster analysis can be used to evaluate the effects of different bioma-
terials and implants on the shape of the bone, by selecting a group of people to whom
different biomaterials are used to regenerate the bone. The evolution of the profile of
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Figure 14.1 A regenerated site. On the left, the real initial profile, and, on the right, the real final
profile.

Courtesy Dr. Antonio Barone, University of Pisa, Italy; Tuscan Stomatologic Institute, Lido di
Camaiore (LU), Italy.

Sl

Figure 14.2 On the left: the initial shape as rhombus with four landmarks. On the right: the final
shape as triangle with three landmarks on the base due to the floor elevation.

Courtesy Dr. Antonio Barone, University of Pisa, Italy; Tuscan Stomatologic Institute, Lido di
Camaiore (LU), Italy.
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the bone, during the regeneration period, can be reconstructed by the model, as well as
a forecast in the short period.

This procedure could be used also with non geometric coordinates analogously to
what we did with the cornea curvature in keratokonus [5]. It is possible to consider, for
example, bone density to have a better description of bone response to dental
biomaterials or implants.
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