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Preface

The Healthcare Bill: Toward Evidence-Based Healthcare

The U.S. Patient Protection and Affordable Care Act (enacted on 23 March 2010) 
created a $1 billion program to award, on a competitive basis, federal subsidies to 
qualifying therapeutic discovery projects being conducted at small biomedical 
companies. Within the first 6 months of its enactment, the new law not only brought 
the U.S. up to par with the rest of the developed nations in a general sense with 
respect to guaranteeing the right to affordable healthcare for its citizens, but also 
more specifically ensured, among many other fundamental implementations, that 
(cf., http://www.healthcare.gov/news/factsheets/overview.html):

Insurance companies be regulated so as to prevent unjustified premium increases •	
and to put in place common sense policies.
Small US businesses be afforded some form of business tax credits to help cover •	
their employees.
Most uninsured US citizens and legal Residents, who had been left uninsurable •	
due to preexisting conditions such as certain of the immunological and bone 
pathologies that are discussed herein, now have access to a quality health insur-
ance that will provide them with the necessary coverage for their ongoing and 
future treatments.
An Early Retiree Reinsurance Program ensures continued health coverage for •	
US citizens and legal Residents forced to retire early – due to the constraints 
of the recent international economic downturn – and thus not yet eligible for 
Medicare.
Medicare beneficiaries received $250 as assistance to help them afford the cost •	
of prescription drugs in the Part D “donut hole” coverage gap, and a mandated 
50% discount on brand name drugs for future purchase – indeed, a substantial 
financial help for our elderly, most of whom suffer from some form of the 
osteoimmune pathologies described here, and thus actively under treatment with 
the pharmaceuticals discussed in this monograph.

Osteoimmunology pertains to the study of the relationship between the bones, 
particularly the bone marrow, and the immune system. This monograph pursues the 
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best available evidence, by means of research synthesis, for the characterization of 
the physiological relevance and pathological implications of the interconnectedness 
between the skeletal and the immune system. Research will be discussed that high-
lights the associated role of the circulatory, nervous, and endocrine systems, as well 
as proteomic and genomic pathways and signatures. Emphasis will be given to the 
implications to stomatology, that domain of medicine which relates to the oral 
cavity, its diseases, and their systemic sequelae.

This monograph arises from observations that have suggested that the skeletal 
system and the immune system are very tightly bound together. Chronic inflamma-
tory reactions subsequent to an excessive immune reaction can damage the bones, 
as in rheumatoid arthritis (RA), Ankylosing spondylitis, an autoimmune disease 
characterized by arthritis, inflammation, and eventual immobility of joints (AS, 
Bechterew’s disease), osteoporosis, with a special emphasis on patients seropositive 
for the human immunodeficiency virus (HIV)-1 and with signs and symptoms of 
the acquired immune deficiency syndrome (AIDS), and bone cancer. Bones – in 
particular the bone marrow – are one of the primary locations in which cells of the 
immune system mature. The precise ways in which the bones and immune system 
influence each other have now begun to be understood.

In brief, this monograph seeks to answer the following questions:

What is osteoimmunology all about?•	
How do the immune system and its components affect bone development?•	
What influence does bone, particularly the bone marrow, have on immunity, and •	
what influence have immune factors, such as cytokines, have on bone?
Do stress and hormones impact upon the pathophysiology of bone-immune •	
interactions?
Can we, through the scientific process of research synthesis, obtain the best •	
available evidence for treatment of diseases involving the bone-immune entity 
(i.e., osteoimmunopathologies)?
What might be the stomatological correlations and implications of osteoimmu-•	
nology and osteoimmunopathology?
How might we improve certain stomatological conditions and systemic •	 sequelae 
by means of evidence-based clinical decision-making directed at the treatment 
of osteoimmune pathologies?

Toward Translational Evidence-Based Osteoimmunology: 
Relevance and Implications for Stomatology

Osteoimmunology (Gr: osteon, = osteon, bone; La: immunitas, immunity; Gr: logos, 
logos, knowledge) is the study of the interface between the skeletal system and the 
immune system, comprising the “osteoimmune system.” It is also the study of shared 
components and mechanisms between the two systems in vertebrates, including 
ligands, receptors, signaling molecules, and transcription factors. Some medical 
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conditions in which this field is particularly relevant are bone metastases, rheumatoid 
arthritis, osteoporosis, periodontitis, and other inflammatory diseases of the bone. 
Studies in osteoimmunology reveal relationships between molecular communication 
among immune cells and structural physiopathologies of the body.

In brief, the field of osteoimmunology pertains to the complex interactive 
communication between the immune and skeletal systems, as it pertains directly 
to the physiology of bone and of immunity, as well as to a wide spectrum of patho-
logical conditions that range from autoimmune, to inflammatory, and to neoplastic 
diseases. Immune and bone cells share a variety of mutual signaling molecules, 
growth factors, and signaling pathways, as well as a common site of origin, 
namely bone marrow, which is rich in blood supply, and autonomic innervation, 
thus ensuring well-distributed neuroendocrine modulation of bone, immune, and 
osteoimmune events.

Stomatology (Gr: stoma, = stoma, opening or in the normal anatomy1 context 
the mouth) refers to that specialty of medicine that addresses the mouth and its 
associated diseases, and their oral and systemic sequelae. The stoma is an anatomi-
cally important and physiologically critical opening that serves both the respiratory 
and the gastrointestinal systems. The oral cavity opens at the mouth and nares (i.e., 
nostrils) into the posterior stomatological space, the oropharyngeal isthmus (or 
fauces2 [Lt, pl, throat openings]). The fauces open into the pharyngeal space, which 
consists of the nasopharynx, the oropharynx, and the laringopharynx (about the 
hyoid bone anteriorly, and the fourth to sixth cervical vertebrae). It is in the larin-
gopharynx that divergence occurs between the respiratory (larynx) anteriorly, and 
the digestive (esophagus) pathways. The laringopharynx is continuous with the 
esophagus posteriorly.

The osteology of the stoma is complex, and consist of several interconnect facial 
bones, the bones of the anterior and lower human skull. In brief, these bony struc-
tures include:

•	 Inferior nasal concha, which extends horizontally along the lateral wall of the 
nasal cavity, posteriorly to articulate with the conchal crest of the palatine bone, 
anteriorly to articulate with the conchal crest of the maxilla.

•	 Maxilla, with its characteristic alveolar processes that hold the upper teeth, and 
its articulation laterally to the zygomatic bones. In addition, important features 
of the maxilla are the zygomatic process, the frontal process, the palatine pro-
cess, the infraorbital foramen, and the maxillary sinus.

1 In pathological surgery, the word stoma (pl, stomata) is used to indicate a surgical procedure that 
engenders a novel opening (e.g., colostomy).
2 The fauces consist of two distinct mucous membrane structures that signify the posterior aspect 
of the oral cavity: anteriorly, the palatoglossal arch, and posteriorly, the palatopharyngeal arch. 
The fauces guard the organism from invasion of pathogens by means of the Waldeyer ring, named 
after the German anatomist Heinrich Wilhelm Gottfried von Waldeyer-Hartz (1836–1921), the 
ring of lymphoid tissue around and about the naso- and oropharynx (i.e., from superior to inferior, 
pharyngeal tonsils, Eustachian tubal tonsils, palatine tonsils lingual tonsils).
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•	 Palatine bone, which forms what is commonly known as the hard palate, and 
articulates with five bones of the deep face, important for the internal structure 
of the oral cavity: the sphenoid, ethmoid,3 maxilla, inferior nasal concha, vomer 
bones.

•	 Vomer bone is a thin, somewhat quadrilateral bone situated in the median plane, 
and forms the hinder and lower part of the nasal septum. Along its two surfaces 
runs the nasopalatine groove obliquely downward and forward to aid the naso-
palatine nerve and vessels. Its inferior border articulates with the crest formed 
by the maxilla and palatine bones.

•	 Zygomatic bones play a critical structural role as they articulate with the maxilla, 
the temporal bone, the sphenoid bone, and the frontal bone. The malar aspect 
presents the zygomaticofacial foramen for the passage of the zygomaticofacial 
nerve and vessels; the temporal aspect supports articulation with the maxilla, 
and forms the anterior boundary of the temporal fossa, the lower a part of the 
infratemporal fossa, an irregularly shaped cavity, situated below and medial to 
the zygomatic arch, and bounded laterally by the ramus of mandible.

•	 Mandible articulates with the two temporal bones at the temporomandibular 
joints, complex synovial joints (i.e., gliding or arthrodial) whose motion, while 
considerable occurs in one plane only (i.e., hindge or gingymal), and which  
suffer from several dysfunctions, including inflammatory osteoarthritis, with 
significant local and systemic sequelae.

•	 Hyoid bone rests at the level of the base of the mandible in the front and the third 
cervical vertebra behind, and provides attachment to the muscles of the floor  
of the mouth and the tongue above, the larynx below, and the epiglottis and 
pharynx behind.

The ossification of these structures in ontogenesis, their articulations in adult life, and 
related osteoimmune pathologies and evidence-based treatments, are discussed.

Los Angeles, CA� Francesco Chiappelli

3 Both the ethmoid and the sphenoid bones are superior and deep to the oral cavity proper, and 
serve more properly the nasal, rather than the oral stomata.
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1.1 � Historical Background

The term osteoimmunology was first used in 2000 by Professors Arron and Choi 
(2001). This monograph does not seek to repeat our knowledge of the fundamen-
tal inter-relationship between the bone and the immune systems. Rather, the 
intent of this writing is to expand our understanding of the implications and appli-
cations of this novel aspect of the basic sciences by integrating it in the emerging 
priorities of evidence-based clinical decision-making and comparative effective-
ness research.1

Case in point, the recent report by the Agency for Healthcare Research and 
Quality (AHRQ; ahrq.gov) on the process of inflammation of joints, such as the 
knee joint in primary and secondary osteoarthritis, and the elucidation of the best 
available evidence for treatment effectiveness, with emphasis on risk-benefit and 
benefit-cost assessments (vide infra).

The purpose of this monograph is to explore the fundamentals of the bone-
immune crosstalk as they pertain, for example, to the case outlined above of an 
inflammatory process proximal to, and detrimental to bones and joints. This mono-
graph then discusses in greater depth the process by which the best available evidence 

Chapter 1
Osteoimmunology: The Bone-Immune 
Crosstalk

1 AHRQ defines comparative effectiveness research as “…designed to inform health-care decisions 
by providing evidence on the effectiveness, benefits, and harms of different treatment options….”; 
by contrast, AHRQ makes the statement that, “within the context of clinical decisions, (clinical 
prediction rules) pull in aspects of the history and physical exam and in an evidence based fashion 
estimate… or make treatment recommendations…”. One can distinguish, therefore, comparative 
effectiveness research and analysis from clinical decision-making that is evidence-based, that is 
based on the best available evidence, on the grounds that the former’s bottom line relates to cost-
effectiveness, cost-benefit ratio, and risk-benefit ratio, and is primarily a utility-based process 
aimed at increasing the likelihood of success of treatment for the lowest cost and risk for a patient 
group with a given set of symptoms and diagnostic criteria. By contrast, evidence-based decision-
making, while certainly incorporating concerns of costs, is primarily directed by the clinical needs 
and wants of the patients and the clinician’s expertise, and involves an inductive/deductive process 
of logic in designing the optimal treatment of any one given patient, in an unquestionably patient-
centered intent, format, and delivery (Chiappelli and Cajulis 2009; Chiappelli et al. 2009).
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is sought, analyzed, obtained, and utilized, as exemplified by the report cited above. 
In brief, this monograph conjoins the cutting-edge biology of osteoimmune inter-
actions with the cutting edge science of research synthesis in an effort toward 
advancing the timely and critical emerging domain of translational evidence-based 
osteoimmunology (Fig. 1.1).

Osteoimmunology, as a scientific discipline for research and clinical practice, is 
merely one decade old at the time of this writing. In that span of time, a fast-growing 
collection of articles on specific domains of fundamental research in osteoimmu-
nology has been published, which documents and describes the fundamental 
mechanisms of interactive communication between the bone and the immune systems, 
as well as clinical implications and applications. The generation of this cumulative 
knowledge was culminated by the publication of a book chapter by Professors 
Weitzmann and Pacifici of Emory University at Atlanta, GA (Weitzmann and 
Pacifici 2005a, Chap. 6), as well as a comprehensive review of the field, first in 
2005 (Weitzmann and Pacifici 2005b; Lorenzo and Choi 2005), and the seminal 

Fig.  1.1  Translational evidence-based osteoimmunology. The figure presents the fundamental 
paradigm of this book. The model is one that initiates with a clinical case, which, in the biological 
context of this work, relates to the inter-connections between the bone system and the immune 
system. The essential cellular and molecular components of the bone (=osteo) – immune interaction, 
“osteoimmunology” – are presented in the insert to the figure, and developed in the pages of this 
book. The figure outlines the process by which, starting from a clinical case that relates to 
osteoimmunology, the best available evidence for treatment efficacy and for benefit effectiveness 
can be obtained by means of the research synthesis design. The translational nature of this 
approach, with emphasis to applications and implications to a variety of osteoimmunopathologies, 
which range from osteoarthritic, to ospetoporosis, bone tumor immune surveillance, and other 
bone immunopathologies (e.g., osteonecrosis of the jaw) are noted, as they pertain to the content 
of the chapters that follow
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paper by Professor Cohen (2006). In 2007, we recall as an elegant comprehensive 
review article coauthored by Drs. Rauner, Sipos, and Pietschmann of the Ludwig 
Boltzmann Institute of Aging Research, the Institute of Pathophysiology at the 
Center of Physiology and Pathophysiology, and the Division of Veterinary Medicine 
of the University of Austria (Rauner et al. 2007), as well as an important update of 
the state of research in the field produced by Professor Jean-Pierre David (2007). 
Work continued to multiply worldwide in this domain of science, which led to the 
reviews by Drs. Julian Quinn and Hasnawati Saleh from Victoria Australia (cf., 
Lorenzo et al. 2008; Quinn and Saleh 2009), Professor Takayanagi at the University 
of Tokyo, Japan (Takayanagi 2009), Drs. Gallois, Mazzorana, Vacher, and Jurdic 
from the University of Lyon, France (Gallois et  al. 2009), and Dr. Xing at the 
University of Rochester, NY (Xing 2009), to cite only a few salient excellent over-
views of the field in the recent past (cf., Nakashima and Takayanagi 2009).

The first International Conference on Osteoimmunology: Interactions of the 
Immune and Skeletal Systems was held in Crete, Greece (May 28-June 2, 2006), 
and the proceedings, which provide an important overview and introduction to the 
basics of the field were published by Springer-Verlag (Choi 2007). The second 
International Conference on Osteoimmunology was held in Rhodes, Greece (June 
8–13, 2008). Professor Yongwon Choi of the University of Pennsylvania again 
edited the proceedings of the conference (Choi 2009). The third International 
Conference on Osteoimmunology: Interactions of Immune and Skeletal Systems 
just met, at the time of this writing, at the Nomikos Conference Center in Fira, 
Santorini, Greece (June 20–25, 2010). We should look forward to the proceedings 
of that meeting shortly.

1.2 �Physiology

1.2.1 � The Bone Talks to the Immune System

The most prominent functions of bone are the protection of internal organs and the 
support of body structures. Beyond those functions, bone additionally serves as an 
attachment site for muscles allowing locomotion and as an appropriate cavity for 
hematopoiesis in bone marrow. As a reservoir for inorganic ions (e.g., calcium), 
bone is responsible for the maintenance of calcium homeostasis and is able to 
rapidly mobilize mineral stores on metabolic demand. Bone is a connective tissue 
composed of cells and extracellular matrix, the latter being further subdivided into 
an inorganic, and an organic component, which is mineralized. Its main constituent 
is type I collagen (~95%), and in minor amounts other types of collagens, noncol-
lagenous proteins, and proteoglycans. The inorganic matrix of bone predominantly 
contains calcium and phosphorus in the form of hydroxyapatite crystals ([3Ca

3
(PO

4
)

2
] 

(OH)
2
) deposited and amassed into the collagenous matrix. The interdigitation of 

the two matrices confers the characteristic rigidity and strength to the bony skeleton, 
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while preserving some degree of elasticity. Rather than an inert and static material, 
bone, the major constituent of the skeleton in all vertebrates, is a highly organized 
living tissue whose metabolism is intimately intertwined with, cross-regulates, and 
is modulated by several of the major physiological systems.

The immune system, and the cells and factors that constitute it, provides an 
essential and integral part of the underlying metabolism of bone. These processes 
are reviewed in the following sections. In brief:

•	 Osteo-nervous interactions pertain to the observation that bone is richly inner-
vated by both autonomic and sensory neurons, serve sensory and regulatory 
functions, and mediate bone cell and immune cell activities directly (Warden 
et al. 2005).

•	 Osteo-endocrine interactions refer to our understanding of the extent to which 
hormones (e.g., adrenocorticotropin hormone [ACTH]; Isales et al. 2010; para-
thyroid hormone [PTH] and calcitonin; Carter and Schipani 2006) regulate bone 
mass by directly influencing the metabolism of bone-regenerating (i.e., osteoblasts) 
and bone-resorbing cell populations (i.e., osteoclasts) (vide infra), modulating 
either the collagen mass (i.e., ACTH) or the calcification content (i.e., PTH, 
calcitonin). PTH raises blood calcium levels by stimulating bone resorption. 
Calcitonin reduces blood calcium by suppressing bone resorption and increasing 
osteoid calcification. The osteoid is the matrix secreted by osteoblasts and osteocytes 
prior to mineralization. Calcitonin acts by directly inhibiting osteoclast activity 
via the calcitonin receptor. Calcitonin receptors have been identified on the 
surface of osteoclasts. Calcitonin directly induces inhibition of osteoclastic 
bone resorption by affecting actin cytoskeleton, which is needed for the osteo-
clastic activity. In brief, the peptide hormone PTH is one of the most important 
regulators of calcium ion homeostasis (Kronenberg et  al. 1993; Potts et  al. 
1997). In response to low blood calcium levels, PTH is secreted into the circula-
tion and acts on kidney, bone, and intestine to maintain blood calcium concen-
trations. In bone, PTH upregulates the production of the pro-inflammatory 
cytokine, interleukin (IL)-6 and of the Receptor Activator for Nuclear Factor k 
B Ligand (RANKL; also known as TRANCE: Tumor Necrosis Factor [TNF]-
related activation-induced cytokine, OPGL: osteoprotegerin ligand, and ODF: 
osteoclast differentiation factor) (vide infra) by osteoblasts, thereby facilitating 
the differentiation, activation, and survival of osteoclasts (Huang et al. 1998; Dai 
et  al. 2006). Consequently, PTH, as well as PTH-related protein (PTH-rP), 
promotes bone resorption and de facto the release of calcium (Pollock et  al. 
1996; Onyia et al. 1997). The active hormonal form of vitamin D (aka, calcitriol, 
1,25-dihydroxycholecalciferol, 1,25-dihydroxyvitamin D

3
, VitD), is essential 

for the development and maintenance of the mineralized skeleton (Dardenne 
et  al. 2001; Panda et  al. 2004). Osteoblast number, bone formation, and bone 
volume increase serum alkaline phosphatase levels, and are associated with a 
decreased production of RANKL, but an enhanced production of the osteoclastic 
cytokine osteoprotegerin (OPG; also known as OCIF: osteoclastogenesis inhibi-
tory factor) (vide infra) (Kitazawa et  al. 2003). Regarding bone homeostasis, 
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estrogen and androgens are the most intensively investigated sex steroids and, 
in contrast to PTH and Vit D, enhance bone formation and inhibit bone resorp-
tion (Hofbauer et al. 1999; Khosla et al. 2002; Leder et al. 2003). Estrogen as 
well as testosterone deficiency inevitably lead to an increased rate of bone turn-
over (Jilka et al. 1998), as well as simultaneous increases in osteoclastic precur-
sors and early osteoblastic precursors. Estrogen deficiency results in a net loss 
of bone as a consequence of an increased production of RANKL and a decreased 
production of OPG by osteoblastic cells, as well as the enhancement of the 
secretion of pro-inflammatory and pro-resorptive cytokines by lymphocytes 
such as IL-1, IL-6, and TNF-a (Pacifici et al. 1991; Jilka et al. 1995; Eghbali-
Fatourechi et  al. 2003). The bone-protective effect of estrogen is mediated in 
large part by transforming growth factor (TGF)-b, which induces apoptosis of 
osteoclasts (Oursler et al. 1991; Hughes et al. 1996; Fox and Lovibond 2005). 
From the viewpoint of research synthesis for evidence-based and comparative 
effectiveness analysis, as discussed in greater details in Chap. 3, it is important 
to note at this juncture that in at least two randomized controlled trials from the 
Women’s Health Initiative, hormone replacement therapy (HRT) was shown to 
decrease the incidence of major osteoporotic fractures. Serious undesirable side 
effects such as cardiovascular disease and cancer have occurred and therefore 
other medications are used nowadays in the treatment of osteoporosis. Raloxifene 
is a selective estrogen receptor modulator (SERM) and is approved for the treatment 
of osteoporosis. Like estrogen, SERMs are known to mediate their effects 
through the estrogen receptor. While estrogen binds equally strongly to a- and 
b-receptors, raloxifene preferentially binds to the a-receptor (Women’s Health 
Initiative 2002, 2004). From the perspective of translational clinically relevant 
complex systematic reviews (Chiappelli et  al. 2010a, b), this specificity to a 
certain estrogen receptor will have implications in the evidence-based revision 
of clinical practice guidelines because it points to a fundamental biological 
process that allows a higher affinity to bone, and therefore the risk of side effects 
of SERMs are less pronounced than those of HRT (Riggs and Hartmann 2003). 
Similarly, as bone metabolism is inter-dependent with the endocrine system, and 
it is regulated and modulated by the central and peripheral nervous systems (cf., 
neuroendocrinology), it is not surprising to find that neuropeptides (e.g., neuro-
peptide Y, NpY; gastrointestinal peptides, etc.) modulate osteoblasts and osteo-
clasts, and have direct regulatory effects upon bone metabolic activity (Lee and 
Herzog 2009; Sousa et al. 2009; Wong et al. 2010).

•	 Osteoimmune interactions refer to the involvement of immune cells and the fac-
tors they produce (e.g., cytokines, vide infra) as they modulate bone metabolism, as 
is discussed in greater depth in the remainder of this book. Suffice to state at this 
juncture that since osteoclasts are derived from the monocyte/macrophage 
(=myeloid) lineage, the macrophage-osteoclast interaction is of prime importance 
in bone metabolic regulation. Certainly, evidence is mounting in support of osteo-
clast interaction with T cells, B cells, and dendritic cells (Takayanagi 2010). 
Moreover, the emergence and replenishment of the immune system throughout 
the life span occurs as hematopoietic precursors develop in the bone marrow, a 
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process that is finely regulated within the neural-immune-hematopoietic axis by 
neuropeptides of the tachykinins family (e.g., substance P, neurokinin [NK]-A) 
(Greco et  al. 2004; Murthy et  al. 2007). Evidently, these physiological facets 
interplay with the two natural kinds of mature bone: cortical compact bone and 
medullary spongy bone.

•	 Compact and dense cortical bone typically composes most of the thickness of 
long bone shaft, the diaphysis (Gr: dia, through; p, phusis, structure, formation) 
is made of compact bone. Micro-anatomical studies reveal that compact cortical 
bone is composed of cylindrical units of bone structure, the osteons with a 
dimension of circa 0.2 mm in diameter. Osteons together form the Harvesian 
system, named after the British physician and anatomist Clopton Havers (1657–
1702). Each osteon consists of concentric lamellae of bone matrix, mainly col-
lagen fibers, surrounding the central Harvesian canal. These micro-anatomical 
structures form canal-like structures, which Havers himself termed Canals of 
Havers in his Osteologia Nova, (Havers, 1691). Blood vessels and nerves course 
the canals, and thusly penetrate the bone tissue. The long axis of osteon is usu-
ally parallel to the long axis of the bone, but the collagen fibers in the different 
lamellae of the osteon are oriented at different angles and provide increased 
strength and elasticity of the osteon units. Volkmann’s canals, named after the 
German physiologist and anatomist Alfred Wilhelm Volkmann (1800–1877), 
constitute an alternative series of channels that provide a route for blood vessels 
and nerves to reach the principal osteonal canal, and that link together into a 
network that inter-connects the Harvesian canals across different osteons. This 
micro-anatomical network ensures the physiological homogeneity of bone 
metabolism, and the continuity of circulatory and nervous supply to the bone 
marrow cavity. Within that histological contextual milieu, osteoblasts develop 
and mature into osteocytes, each living within its own micro-environmental 
lacuna. Osteocytes make contact with the cytoplasmic processes of their coun-
terparts across lacunae via a network of even smaller canals, the canaliculi, 
which together form a structure that facilitates the exchange of nutrients and 
metabolic waste among osteocytes and osteon units. In brief, nutrients and other 
substances, including hormones, neuropeptides and cytokines, pass from blood 
vessels into the Harvesian canal, through an increasingly finer reseau of chan-
nels, eventually to distant osteocytes. Inner and outer circumferential lamellae 
run the length of the shaft located at the inner and outer surface of the long bone. 
Osteocytes sit in the lacunae between the lamellae, and as such can be involved 
in both bone deposition (i.e., osteoblasts and mineralization) and bone resorp-
tion (i.e., osteoclasts and bone degradation), both of which are modulated (i.e., 
increased under certain conditions, and decreased in other cases) by products 
associated with the cell-mediated immune system (e.g., cytokines, cytokine 
receptors, membrane-bound and soluble clusters of differentiations [CD’s; cf., 
Notes], and the like). Interstitial lamellae form as remnants of previous osteons, 
and reflect the process of constant bone modeling, resorption, and remodeling 
(i.e., bone metabolism), which is orchestrated by the interaction of bone cells 
with cells of immune system within and about these micro-anatomical structures 
of osteons, canals, caniculli, lamellae, and lacunae.
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The •	 spongy, cancellous, trabecular, medullary bone is composed of similar 
cells and matrix structure, and in that resembles compact bone. However, 
micro-anatomical examination reveals a distinct lamellar structure of colla-
gen in spongy bone, which is typically not arranged concentrically around a 
central canal, but rather as lamellale that run parallel to one another. 
Consequently, spongy bone is composed of bone spicules, the trabeculae, 
which are endowed of varying shapes and sizes. The space between the spic-
ules is filled with the bone marrow, the flexible tissue found in the hollow 
interior of bones. That space is rich in nerve endings, blood vessels, and cap-
illaries. This micro-anatomical histological “geographical” distribution is 
critical in the formation of niches, where cells of the bone system – the osteo-
progenitor cells at the external and internal surface of the bone – and cells of 
the immune system – the hematopoietic progenitor cells – develop, interact, 
communicate, and cross-feed in a fundamental osteoimmune concert of 
epigenetic events (vide infra).
The •	 bone marrow is the underlying contextual framework wherein the interac-
tion between the bone and the immune system commences. The red marrow 
consists mainly of hematopoietic tissue, whereas the yellow marrow, which 
constitutes the stroma of the bone marrow, contains principally adipocytes.

•	 Compact and spongy bone interact: Small congregates of spongy bone result 
that are facing the marrow cavity, the large medullary cavity. The two 
expanded ends of the long bones, the anepiphyses (Gr: ana, end-piece; phusis, 
structure, formation), consist mostly of spongy bone covered with a thin shell 
of compact bone. The calvarium and the sternum are two flat bones made of 
two layers of relatively thick compact bone, and an intervening layer of 
spongy bone.
Bone is lined externally by a dense connective tissue, the •	 periosteum, composed 
histologically of an outer fibrous layer, rich in fibroblasts, and an inner osteo-
genic layer, rich in periosteal and endosteal cells that give rise to the osteoblast 
population. The inner side of bones is lined by the endosteum. There is no 
periosteum lining at the joints of long bones. In remodeling bone, periosteal 
cells work in concert with bone modeling factors, including cytokines and other 
immune factors, to increase bone width and length. In nonremodeling bone by 
contrast, that surface is lined by a layer of flat bone lining cells, which appear 
quiescent and incapable of osteogenesis. It is believed that these cells still may 
function as nutritional support for osteocytes that are embedded in the underlying 
bone matrix.

•	 Endosteal cells line the marrow cavities in compact bone, and the spicules of 
spongy bone. In a manner akin to the periosteal cells, endosteal cells act as 
osteoprogenitor cells, and are modulated by immune factors to give rise to osteo-
blasts. Indeed, research has established that two steps occur in bone remodeling, 
which involve the endosteal cell layer: resorption of a volume of bone by osteo-
clasts is followed sequentially by the formation of a comparable volume by 
osteoblasts. However, the regulatory processes that initiate, sustain, and 
terminate this sequence are intertwined, and intimately regulated by signals, 
which travel along the osteocyte canalicular system to endosteal lining cells, and 
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they entertain a complex molecular cross-talk that involves precursors, mature 
cells, cells of the immune system, and products of both the resorbed matrix and 
cellular immune products that titrate each other, and modulate each other in a 
concerted and finely orchestrated cross-system, multicellular remodeling 
machinery toward the end-result of either removing or forming a net volume of 
bone, osteoprecursors, or hematopoietic precursors (Martin and Seeman 2008; 
Matsuo and Irie 2008). Bidirectional signaling and interaction is likely to occur 
and to continue among osteoblasts, osteoclasts, and endosteal lining cells 
throughout the lifespan, during which time bone metabolism is both sustained 
and modulated by immune factors, and results in osteoblastic bone formation 
with mineralization of bone matrix, and osteoclastic bone resorption with apop-
tosis and demineralization.
The •	 bone remodeling cycle involves a complex series of sequential steps that 
are highly regulated. The “activation” phase of remodeling is dependent on 
the effects of local and systemic factors on mesenchymal cells of the osteo-
blastic lineage. These cells interact with hematopoietic precursors to form 
osteoclasts in the “resorption” phase. In the later “reversal” phase, mononu-
clear cells appear on the bone surface, complete the resorption process, and 
produce the signals that initiate formation. In successive waves, mesenchymal 
cells newly derived from the adult stem cell pool differentiate into functional 
osteoblasts, which lay down matrix in the next “formation” phase. Case in 
point, new research demonstrates that vascular endothelial cells can trans-
form into multipotent stem-like cells, which by all account resemble mesen-
chymal stem cells, by means of an activin-like kinase-2 (ALK2) 
receptor–dependent mechanism: activation of the ALK2 pathway (cf., Notes) 
in endothelial cells by means of ligands such as with the ligands transforming 
growth factor-b2 (TGF-b2) or bone morphogenetic protein-4 (BMP4), led to 
a distinct endothelial-to-mesenchymal transition and acquisition of a stem 
cell-like phenotype (Medici et al. 2010) (Fig. 1.2).

•	 Osteoblasts are immature bone cells, specifically mononucleate bone-forming 
cells that descend from osteoprogenitor cells. Osteoblasts derive from a com-
mon family branch that arises from mesenchyme, a type of loose connective 
tissue, derived from the three embryonic germ layers (i.e., endoderm, mesoderm, 
ectoderm). The mesoderm is the proper germ layer that gives rise to the skel-
eton and the hematopoietic system. The mesenchymal prominent ground sub-
stance matrix contains a loose aggregate of reticular fibrils and unspecialized 
cells, which are capable of developing into bone, cartilage, lymphoid organs, 
and the circulatory system (Strum et al. 2007). Core binding factor 1 (Cbfa1) 
the runt-related transcription factor 2 (runx2), and the downstream factor 
osterix (Osx) are critical transcription factors for lineage commitment of stem 
cells toward osteoblast differentiation (Ducy et al. 1997; Caetano-Lopes et al. 
2007). Although a relatively rare event, it is not excluded that, given the appro-
priate microenvironment, osteocytes and osteoblasts can revert back to earlier 
stages of their development. Note that most current research has established 
that endothelial cell-derived mesenchymal stem cells may be an efficient 
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source of cells for regeneration of bone and cartilage (Horwitz 2010). Indeed, 
preliminary results indicate that endothelial cell–derived mesenchymal stem 
cells may actually be superior as a cell source for bone and cartilage cell 
therapy for patients requiring regenerative medicine interventions (Medici 
et al. 2010).
Osteoblasts are located on the surface of •	 osteoid seams and make a protein 
mixture known as the osteoid, which mineralizes to become bone. The osteoid 
seam is a narrow region of newly formed organic matrix, not yet mineralized, 

Fig. 1.2  Bone metabolism. The figure shows a composite of electron micrographs of, respectively, 
a mature human osteoclast, and a mature human osteoblast. Characteristically, the relative myeloid-
related complexity of the cytoplasmic compartment of the former contrasts with the relative 
smoothness of the mesenchyme-derived osteoblast cytoplasm. Integrated in the figure is a dia-
grammatic representation of the maturation process of both populations from their respective 
myeloid osteoclat precursor and mesenchyme osteoblast precursor. The central aspect of the figure 
represents the fundamental core of bone metabolism. The balance between bone formation by 
osteoblasts and bone resorption by osteoclasts is regulated by immunological factors, such as 
tumor growth factor (TGF)b, insulin-like growth factor (IGF), osteoprotegerun (OPG), which 
blocks receptor activator of NF-kB ligand (RANKL) signaling in osteoclasts. It is important to 
note that among the families of regulatory proteins for bone metabolism, a large body of research 
has emerged in the most recent decade on the role of the family of Wnt’s, which are secreted 
cysteine-rich glycoproteins that locally activate receptor-mediated signaling pathways, in part 
because mutations of Wnt’s that lead to either gain or loss of function of the Wnt coreceptor 
lipoprotein receptor-related protein 5 (Lrp5) induce significant changes in bone mass (e.g., high 
bone mass) or osteoporosis, respectively. It is now clear, moreover that the “canonical” (i.e., b-catenin-
dependent; b-catenin is an intracellular anchoring protein involved in cell adhesion through 
E-cadherin) Wnt signaling pathway regulates the lineage progression for the maturation of osteo-
blasts, and represses osteoclastogenesis by increasing osteoprotegrin (OPG) expression, thus 
altering the OPG/RANKL ratio. Adapted from: ebi.ac.uk/biomodels-main/static-pagesdo?page=
ModelMonth%252FOctober2007%252FBIOMD0000000148_MM; endotext.org/parathyroid/
parathyroid1/parathyroid1.html

http://ebi.ac.uk/biomodels-main/static-pagesdo?page=ModelMonth%252FOctober2007%252FBIOMD0000000148_MM
http://ebi.ac.uk/biomodels-main/static-pagesdo?page=ModelMonth%252FOctober2007%252FBIOMD0000000148_MM
http://endotext.org/parathyroid/parathyroid1/parathyroid1.html
http://endotext.org/parathyroid/parathyroid1/parathyroid1.html
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located on the surface of a bone. Osteoid is primarily composed of Type I 
collagen produced by the osteoblasts, which also manufacture hormones and 
prostaglandins that mediate bone metabolism for the formation of the immedi-
ately surrounding matrix.
The principal •	 proteomic signature of osteoblasts is the production and expres-
sion of alkaline phosphatase (EC 3.1.3.1), a key dephosphorylating enzyme that 
contributes to the accumulation of calcium and phosphate into the vesicles 
generated during the formation of the matrix. Four principal isozymes of alkaline 
phosphatase have been recognized. The alkaline phosphatase, tissue-nonspecific 
isozyme is found in bone, and is encoded by the ALPL gene, located on chromo-
some 1. Alkaline phosphatase is a membrane-bound glycosylated enzyme that 
is not expressed in any particular tissue and is, therefore, referred to as the tissue-
nonspecific form of the enzyme. When missing, the disorder known as hypo-
phosphatasia arises, which manifests as hypercalcemia and skeletal defects 
(Swallow et al. 1998).
Osteoblasts also produce bone sialoprotein, a 60–80-kDa small integrin-binding •	
ligand, N-linked glycoproteins (SIBLING), protein constituent of mineralized 
tissues such as bone, dentin, cementum and calcified cartilage, osteocalcin (also 
known as BGLAP: bone g-carboxyglutamic acid-containing protein), and osteo-
pontin (OPN; also known as also known as BSP-1 or BNSP: bone sialoprotein I, 
ETA-1: early T-lymphocyte activation, or SPP1: secreted phosphoprotein 1). 
OPN is a remarkable member of the SIBLING family that is particularly inter-
esting to osteoimmunologists because, while produced by osteoblasts and 
critical of osteoblastic function, it is also expressed by a variety of immune cells, 
including macrophages, neutrophils, dendritic cells, and T and B cells. In the 
immune system, OPN is reported to be endowed with chemotactic properties 
that promote cell recruitment to inflammatory sites, adhesion properties by 
means of binding to several integrin receptors, a function that favors cell attach-
ment and contributes to promoting cellular immune activation of T cells and 
cytokine production, as well as cell survival and regulation of apoptosis. The 
SIBLING protein family is a group of noncollagenous proteins whose members 
(e.g., OPN, BSP) appear at distinct phases of development, which suggest sub-
stantial differences in the distribution of the SIBLING proteins between organic 
and inorganic phases, and divergent molecular and epigenetic regulatory roles in 
osteogenesis and immune regulation of osteogenesis (Weber and Cantor 1996; 
Huang et al. 2008; Wang and Denhardt 2008; Sun et al. 2010) (cf., notes).
In brief, therefore, and by their very nature, osteoblasts occupy a central place •	
in the osteoimmune dialog: they support hematopoiesis, and when completely 
surrounded by matrix, osteoblasts become osteocytes, which can both secrete 
and resorb matrix, and thus are responsible for maintaining the bone matrix 
itself. In that respect, they act as mechano-sensory receptors of the osteoimmune 
entity, capable of regulating the bone’s response to stress and mechanical load. 
Osteocytes are typically poor in organelles, indicating other primary functions 
than matrix synthesis and mineralization. Further maturation of osteocytes alters 
their morphology into cells projecting dendritic processes. These channel-like 
structures enable osteocytes to communicate with each other, may, among other 
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functions, act as mechanosensors to permit bone to react to environmental chal-
lenges. Loaded vesicles eventually rupture, and increase local concentration of 
minerals that contributes to initiate the mineralization process. Osteoblasts and 
osteocytes synthesize the collagen-rich organic matrix that provides the optimal 
conditions for matrix mineralization by secreting numerous bone matrix proteins 
and matrix metalloproteinases (MMP). They eventually engage in programmed 
cell death, apoptosis (cf., notes), which leads to increased secretion of osteoclas-
togenic cytokines that favor bone resorption (Gu et  al. 2005; Kogianni et  al. 
2006). It is now clear that apoptosis is not the only regulated cell death program 
involved in the concerted modulation of tissue homeostasis and the removal of 
unwanted cells in biological organisms. Other cell death modalities, and their 
cross-talk, require increased understanding (Zhivotovsky and Orrenius 2010), 
particularly as they pertain to immune-mediated bone degenerative diseases.
By contrast, •	 osteoclasts are responsible for remodeling of bone to reduce its 
volume – that is, of bone resorption. These large multinucleated cells – tissue-
specific giant polykaryons – arise from monocyte common progenitors, and can 
actually arise from monocyte/macrophages directly, and are thus not related to 
the same family lineage of bone forming cells as osteoblasts. Osteoclasts are 
multinucleated, giant cells of hematopoietic origin formed by the fusion of 
mononuclear preosteoclasts derived from myeloid cells. Fusion-mediated giant 
cell formation is critical for osteoclast maturation: without it, bone resorption is 
inefficient. The d2 isoform of vacuolar (H+) ATPase (v-ATPase) V0 domain 
(Atp6V0d2) is one of the principal regulators of osteoclast fusion and bone 
formation. Similar to the myeloid family, osteoclasts are endowed with phago-
cytic properties, share several families of plasma membrane receptors with 
certain immune cell populations, and function in a manner similar to their 
mature myeloid equivalent. They are found on bone surfaces in what are called 
Howship’s lacunae, named after John Howship (British surgeon, 1781–1841). 
These structures are bone resorption pits that result following the breakdown of 
the bone surface and consequential erosion of the bone by the osteoclasic 
enzymes, including lysosomes, organic acids, and hydrolytic enzymes. The 
osteoclastic layer that contacts the bone is divided into the microvillus structure, 
a ruffled border rich in plasma membrane folding, and a ring-like perimeter of 
cytoplasm, termed the clear zone, which marks the area of bone in the process 
of being resorbed.
The •	 metabolic function of osteoclastic structures, which we recall from our 
introductory statements, is modulated by the neuroendocrine system, such that 
an increase in PTH levels, and a decrease in calcitonin is associated with an 
increased number and functionality of osteoclasts. PTH is secreted by the para-
thyroid glands as an 84 amino acid polypeptide, which acts to increase the serum 
concentration of calcium (Ca2+). Calcitonin is a 32-amino acid linear polypeptide 
hormone produced primarily by the parafollicular cells, the C-cells of the thyroid, 
which are located adjacent to the thyroid follicles and reside in the connective 
tissue. They appear large and with a characteristic pale stain, compared with 
the follicular cells or colloid. Calcitonin acts to counter PTH, and to reduce 
blood calcium.
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•	 Osteoclastic factors shared with the hematopoietic cell lineage briefly noted in 
our introductory remarks include:

–– OPG (i.e., osteoprotegerin), the OCIF is a cytokine-like 401 amino acid 
peptide found either as a 60-kDa monomer or 120-kDa dimer linked by disul-
fide bonds, first reported as a protein that exposed an osteopetrotic phenotype 
when overexpressed in transgenic mice, which was secreted by preosteoblasts/
stromal cells, which could inhibit osteoclast development and activation 
(hence the name attributed to its bone-protective effects: osteoprotegerin) 
(Simonet et al. 1997). OPG belongs to the TNF receptor superfamily, but lacks 
the transmembrane and cytoplasmic domain. OPG is a cytokine expressed in 
a variety of tissues (e.g., lung, heart, kidney, liver, stomach, intestine, brain, 
spinal cord, thyroid gland, smooth muscle tissue, and, in addition to osteo-
clasts, certain immune cells – in fact, the expression of OPG by dendritic cells, 
a population of antigen-presenting cells, was shown to increase with immune 
maturation, to be stringently dependent upon NF-kB signaling, and to act in 
concert with regulatory processes of immune responses in lymphoid tissues 
(Schoppet et al. 2007)). Nonetheless, the principal osteoimmune role of OPG 
has been assigned to bone protection by impairing the function and maturation 
of osteoclasts. This is obtained by OPG binding to RANKL on osteoblast/
stromal cells, thus blocking the RANKL–RANK ligand interaction between 
osteoblast/stromal cells and osteoclast precursors, thereby blunting the dif-
ferentiation of the osteoclast precursors into mature osteoclasts (Khosla 2001; 
Boyce and Xing 2007). OPG also promotes cell survival, in certain physiolog-
ical situations, by inhibiting TNF-related apoptosis-inducing ligand (TRAIL)-
induced apoptosis (Reid and Holen 2009).
The –– production of OPG is subject to neuroendocrine regulation. Specifically, 
production of OPG is stimulated in vivo by the female sex steroid estrogen, and 
accounts for the biochemical mechanisms by which estrogen is the predomi-
nant sex hormone that slows bone loss. As the production of estrogen becomes 
irregular, and decreases with age (i.e., menopause), the likelihood of osteoclast-
mediated bone resorption, and consequentially osteoporosis (vide infra), 
increases. One treatment modality for osteoporosis includes the drug strontium 
ranelate, which both increases deposition of new bone osteoblasts and reduces 
the resorption of bone by osteoclasts. In fact, fundamental research has estab-
lished that strontium ranelate acts by means of activation of the calcium- or 
other cation-sensing receptor, by increasing the expression of OPG, coupled 
with decreasing RANKL expression by the osteoblasts (Hamdy 2009).

–– RANKL is the ligand for the receptor activator for Nuclear Factor |B, RANKL 
is also known as TRANCE: TNF-related activation-induced cytokine, OPGL: 
ligand for OPG, and ODF. The expression of OPG and RANKL is modulated 
by various endocrine, immune, inflammatory, and neuroendocrine-immune 
modulators, including PTH, estrogens, glucocorticoids IL-6, IL-8, IL-11, 
INF-g, TGF-b, prostaglandin (PG)-E2, bone morphogenetic protein (BMP)-2, 
VitD, and many others (Khosla 2001). The extensive distribution of RANKL 
throughout the body attests for its multiple functions, among which the  
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most important – at least in our context presently – is the induction and 
regulation of osteoclastogenesis. RANKL is a surface-bound molecule on  
certain immune cells, and on osteoblasts that serves to activate osteoclasts. 
Overproduction of RANKL has been implicated in a variety of degenerative 
bone diseases (e.g., rheumatoid arthritis, psoriatic arthritis). Targeted silenc-
ing of the related gene in a murine experimental system leads to a lack of 
osteoclasts and associated osteopetrosis. RANKL, which is also expressed by 
memory T helper cells, plays a role in dendritic cell survival and maturation, 
and modulates the cellular immune system by contributing to the regulation 
of T cell activation, proliferation, and maturation. Activated T cells induce 
expression of the RANKL gene, which, in the osteoimmune context, contrib-
utes to osteoclastogenesis and increase bone resorption and loss. The human 
RANKL gene has been localized to chromosome 13q14 and encodes for 
three isoforms: RANKL1 and RANKL2 are type II transmembrane proteins, 
and RANKL2 also possesses a shorter intracellular domain. RANKL3 is a 
soluble protein, partially produced by the cleavage of the membrane-bound 
form by TACE (TNF (converting enzyme, a metalloprotease; cf. notes)).
The –– RANKL proteomic signature pathway includes the activation of RANK 
following binding of its ligand (RANKL), and leading to activation of AKT/
PKB. This is an enzyme complex endowed with antiapoptotic serine/threonine 
kinase, protein kinase B (PKB) activity, which is also called AKT.2 As of now, 
three genes have been identified in the Akt family: Akt1, 2, and 3, which code 
for enzymes that are members of the serine/threonine-specific protein kinase 
family (EC 2.7.11.1). Akt1 is involved in cellular survival and it inhibits the 
apoptotic processes. Akt1 also induces protein synthesis pathways, and, in 
general, tissue growth and development. Akt2 is an important signaling molecule 
in the insulin signaling pathway, and is required to induce glucose transport. 
Akt3 is predominantly expressed in brain, and mediates the regulation of 
neurogenesis. The Akt enzyme family possesses a protein Pleckstrin Homology 
(PH) domain, which allows it to bind to phosphoinositides with high affinity, 
thus effecting the kinase signaling pathway. In this manner, once correctly 
positioned in the membrane via binding of PIP3, Akt is phosphorylated by its 
activating kinases (i.e., phosphoinositide dependent kinase 1 (PDPK1) at 
threonine 308, and mammalian target of rapamycin complex 2 (mTORC2), a 
phosphatidylinositol 3-kinase-related kinase, at serine 473). The mTOR 
phosphorylation events stimulate the subsequent phosphorylation of Akt by 
PDK1. Phosphatidylinositol-3 kinase (PI3K)-dependent Akt activation can be 
regulated through the tumor suppressor phosphatase and tensin homolog 
(PTEN). Akt may also be activated in a PI 3-kinase-independent, and cAMP-
dependent protein kinase A (PKA)-dependent activity. That is to say, convergent 

2 The Akt nomenclature is rather unusual, if not enigmatic as it is not descriptive of a function per se: 
“Ak” was a temporary classification name of a murine strain with spontaneous thymic lymphomas, 
and “t” was simply meant to refer to “transforming” (Staal et al. 1977).
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pathways ensure activation of AKT/PKB, because, once activated, this enzyme 
complex can go on to activate or to deactivate its myriad substrates via its 
kinase activity, and to regulate cellular survival and metabolism by binding 
and regulating a plethora of downstream effectors. The AKT/PKB pathway 
engaged by RANKL is critical to the regulation of several cellular processes 
in bone and in immune cells through a multipronged proteomic profile.

–– RANK, the Receptor Activator of Nuclear Factor kB, is a member of the TNF 
receptor family, which also includes CD120 (TNFa receptor), CD40, Fas, 
and CD34. The family of proteins, which consists to date of 6 members 
(TRAF1-6), is endowed with complex functional properties in that they 
converge in regulating inflammation, antiviral responses, and apoptosis by 
mediating transmembrane signaling not only for the members of the TNF 
receptor family, but also for the members of the Toll/IL-1 family. TRAF 
proteins interact with several protein kinases including IRAK1/IRAK, SRC, 
and PKCz, and thus establish a critical regulatory link between distinct signaling 
pathways. Thus, and in the specific context of the present discussion, RANK 
signaling, initiated by RANKL, can be transferred to a parallel cascade via 
TRAF-6, which, upon activation engages signaling pathways leading to the 
activation of the transcription factors NFAT, NFkB, the MAP kinase media-
tors jun, fos, and p38 as well as the down-stream targets of Akt AFX/FOXO4. 
The two most investigated pathways are the activation of the transcription 
factors NF-kB and AP-1 (activated protein 1). Targeted disruptions of the 
p50/p52 component of NF-kB and the c-fos component of AP-1 result in 
impaired osteoclastogenesis and an osteopetrotic phenotype (Kobayashi et al. 
2001; Ye et al. 2002). Together, these signals (cf., notes) contribute to osteo-
clast differentiation, activation, and survival. Indeed, RANK is a type I mem-
brane protein expressed by osteoclasts, as well as by dendritic cells, and 
involved in bone resorption and the facilitation of immune signaling. RANK-
deficient mice show similar phenotypes to those of RANKL knock-out mice, 
including osteopetrosis and missing lymph nodes (Dougall et al. 1999).

Furthermore, we must note in the osteoimmune spectrum:

•	 M-CSF: the macrophage-colony-stimulating factor is principally a cytokine that 
regulates hemopoietic stem cell differentiation into macrophages and related cell 
types, hence, its role osteoclast differentiation. M-CSF binds to the Colony 
stimulating factor 1 receptor, (CSF1R; aka, macrophage colony-stimulating 
factor receptor, M-CFSR, CD115), a tyrosine kinase transmembrane receptor of 
the CSF1/platelet-derived growth factor (PDGF) receptor family.

•	 Osteocalcin is the BGLAP, a noncollagenous protein of bone and dentin, 
encoded by the BGLAP gene on chromosome 1. As a hormone, osteocalcin 
induces the beta cells of the pancreas to increase release of insulin, and directs 
adipocytes to release the hormone adiponectin, which increases sensitivity to 
insulin (Lee et al. 2008). Indeed, it is now evident that, through the uncarboxy-
lated form of the osteoblast-derived factor osteocalcin, bone regulates glucose 
metabolism and fat mass, and thus has a central homeostatic role, not only for 
bone metabolism. Specifically, research has now established a putative working 
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model, which stipulates that osteoblastic function is negatively regulated by the 
adipocyte-produced hormone leptin. When bound to its receptor in the central 
nervous system (CNS), leptin exerts a stimulation of the sympathetic nervous 
system. Leptin deficiency leads to increased osteoblast activity and increased 
bone mass. By contrast, expression of Esp gene by osteoblasts regulates glucose 
homeostasis and adiposity by regulating osteocalcin, which mediates both pan-
creatic insulin and adipocytic adiponectin production for the overall modulate of 
energy metabolism (Wolf 2008).

•	 COX2: cyclo-oxygenase 2, the prostaglandin-endoperoxide synthase 2, acts 
both as dioxygenase and as a peroxidase. It is key in the biosynthesis of the 
prostanoids; that is, prostaglandins, prostacyclin, and thromboxanes, which 
contribute to the inflammatory and mitogenesis cascades. It presents as two 
isoenzymes: a constitutive form, COX-1, and its inducible counter-part, 
COX-2, which, in humans, is expressed in a limited number of cell types and 
regulated by certain specific stimulatory events. Interestingly, the product of 
the COX-2 peroxidase function on arachidonic acid, prostaglandin H2 
(PGH2) is a central precursor to this family of pro-inflammatory molecules: 
PGH2 is converted by prostaglandin E2 synthase into PGE2, by prostaglan-
din D2 synthase into prostaglandin D2, by thromboxane-A synthase into 
thromboxane A2, and by prostacyclin synthase to create prostacyclin. Among 
other functions, and specifically to the focus of this writing, PGE2 contrib-
utes to the fever response, and stimulates osteoblasts to release factors to 
bone resorption by osteoclasts (Watkins et al. 2003; Li et al. 2006). By con-
trast, PGD2 recruits TH2 cells, contributes to the development and the exac-
erbation of allergic diseases, and, at least with respect to body temperature, 
acts to oppose PGE2. Note: PGH2 is also produced by COX-1. Aspirin irre-
versibly inhibits COX-1, thus preventing the formation of PGH2, and there-
fore thromboxane A2, thus blocking its regulation of the activation of new 
platelets and increased platelet aggregation. PGH2 contrasts the effects of 
prostacyclin (PGI2), which chiefly prevents formation of the platelet plug 
involved in primary hemostasis (i.e., blood clot formation).

•	 FLAP: The 5-lipoxygenase-activating protein (FLAP) activates the 5-lipoxy-
genase enzyme (aka, arachidonate 5-lipoxygenase, 5-lipoxygenase, 5-LO, 
Alox5), a member of the lipoxygenase family, which transforms essential 
fatty acids into leukotrienes. Again, two major groups of products, result that 
have counter-balancing effects upon the inflammatory process: arachidonic 
acid yields the 4-series cysteinyl leukotrienes (LTB4, LTC4, LTD4, LTE4) 
that are generally pro-inflammatory and make up the slow-reacting substance 
of anaphylaxis (SRS-A). Leukotrienes; eicosapentaenoic acid yields the 
5-series Leukotrienes (LTB5, LTC5, LTD5, LTE5) that generally favor an 
antiinflammatory response. Whereas the role of leukotrienes, and therefore of 
FLAP, in immune regulation is evident, their significance to bone metabolism 
is unclear at this time. Nonetheless, emerging evidence indicates, as one 
would expect from an osteoimmune viewpoint, that bone formation and 
resorption are under the subtle control of multiple regulatory systems that 
include prostaglandins and leukotrienes (Pilbeam et al. 2002). Leukotrienes 
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are fatty molecules, naturally produced eicosanoid lipid mediators of the 
immune system that contribute to inflammation, and whose production gen-
erally accompanies the production of histamine for triggering and exacerba-
tiong allergic reactions. In the presence of factors stimulating bone resorption, 
the production of PGE2 by COX-2 is favored in osteoblasts. Osteoclastogenesis 
is inhibited by the reduction of IL-1-induced COX2 activity and PGE2 pro-
duction, in an essentially RANKL-independent process (Ha et  al. 2006; 
Hiraga et al. 2006; Shoji et al. 2006). Additionally, LTB4 also favors osteo-
clastogenesis in a RANKL-independent manner (Traianedes et  al. 1998; 
Anderson et al. 2001; Jiang et al. 2005).

In summary, therefore, it is becoming increasingly apparent that, as much as the 
emergence of immune cells via hematopoiesis occurs in bone, and through bone 
metabolism, products of the immune system influence bone metabolism, genera-
tion, and loss through resorption. It is also evident now that bone pathologies arise, 
more often than not, from immune reactions (e.g., inflammation), or engender 
immunopathologic responses, which in turn can exacerbate bone disease. The question 
that has become intertwined in this discussion at this juncture is, therefore, the manner 
in which the immune system might “talk” to bone metabolism.

1.2.2 � The Immune System Talks to the Bone

Osteoimmunology, we now must all agree, represents a conceptual rethinking of 
multiple phenomena, interrelating biological events in bone and the immune sys-
tem. The root of exploration of this interplay begins with the basic understanding 
that the bone environment is critical for the development of hematopoietic stem 
cells, from which the cells of the immune system derive, and that various immuno-
regulatory cytokines influence the fate of bone cells.

There is general agreement that lymphocytes influence bone remodeling by 
exerting an impact on osteoclastogenesis. Thus, T cells are assumed to be respon-
sible for bone loss which occurs as a consequence of a series of pathological condi-
tions, for example systemic viral infections and chronic local bone and joint 
diseases, such as rheumatoid arthritis or inflammatory bowel disease. Concerning 
the type of impact that T cells exert on osteoclastogenesis results from in vitro and 
in vivo experiments differ to a high degree. The same is true for different lympho-
cyte subpopulations, i.e., data concerning the effect of CD4 and CD8 lymphocytes 
on osteoclastogenesis, are not consistent.

On the one hand, data from literature suggest an inhibitory effect of T cells. In one 
in vitro study, Vit D-stimulated osteoclast-like cell formation was enhanced after 
lymphocyte depletion. This was attributed to increased PGE2 production and 
consecutive upregulated RANKL and downregulated OPG expression. IFN-g was 
found to be the modulatory factor, which is produced by activated anti-CD3 T cells, 
and which interferes with TRAF6, thus strongly inhibiting the RANKL-induced 
activation of NF-kB and JNK in vitro. It was acknowledged that resting T cells 
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typically exert no effect on osteoclastogenesis (Grcević et al. 2000). T cells indeed 
have no effect in coculture with IFN-gR−/− BMMs (bone marrow-derived mono-
cyte/macrophage precursor cells) stimulated by RANKL (Takayanagi et al. 2000).

By contrast to the above-mentioned results, there are cases where resting T cells 
may also negatively regulate osteoclastogenesis via production of granulocyte/
monocyte colony-stimulating factor (GM-CSF) and IFN-g by CD4 but not CD8 T 
cells (Shinoda et al. 2003). Another in vitro study demonstrated that the downregu-
latory effect of lymphocytes is due to the CD8 T cell subset, and effect at all inde-
pendent of IL-4 and TGF-b (John et al. 1996) (Fig. 1.3).

Nonetheless, activated T cells promote and induce osteoclastogenesis both 
in  vitro and in  vivo. CD4 T cells stimulated by conjugated anti-CD3 with anti-
CD28 costimulus exert their effect via membrane-bound and secretory RANKL, 
and inhibited osteoclastogenesis, whereas T cells activated with staphylococcal 
enterotoxin A, PHA, and Con A had inconsistent effects. The osteoclastogenic 
effect was CD4+ Tcell –dependent (Wyzga et al. 2004).

So the problem remains as to what degree can all the lines of evidence be taken 
as concerted and confluent, rather than contrasting and contradictory. Much funda-
mental research remains to fully characterize the cellular immune regulation of 
osteoclastogenesis.

•	 Osteoblasts/stromal cells are the main regulators of osteoclastogenesis. They 
express the cytokines RANKL, which binds to RANK on osteoclast precursors 
and thereby induces osteoclastogenesis, and OPG, which is able to prevent that 

Fig. 1.3  Cytokines regulating T cells, osteoblasts, and osteoclasts. This schematic representation, 
adapted from Gillespie, 2007, shows to some degree the intimacy between the cellular immune system 
and bone metabolism. The central role played by RANKL in osteoimmune interaction is evinced
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interaction. Among others, TGF-b and 17-b-estradiol stimulate the production 
of OPG whereas Vit D, PTH, and PGE2 promote the production of RANKL. 
Upon activation via dendritic cells T cells activate osteoclasts directly through 
the secretion of sRANKL. Furthermore, T cells secrete INF-g, which on the one 
hand stimulates macrophages to produce pro-inflammatory cytokines, which in 
turn promote RANKL expression in osteoblasts/stromal cells, and on the other 
hand suppresses permanent osteoclast activation by the destruction of TRAF6. 
But, these might be circumstantial and secondary to allied event, since, for 
example, we also know that endothelial cells have been shown to express 
RANKL and OPG and might therefore also participate, or perhaps even initiate 
and direct in the regulation of osteoclastogenesis (Yasuda et al. 1998).
In the murine system, •	 T cells do not seem to be absolutely required for osteo-
clastogenesis in a rheumatoid arthritis animal model, although they contribute to 
form an important pathologic feature in arthritic joints (Plows et al. 1999). These 
observations suggest either that the experimental animal model is not true in 
mirroring the human pathology, or that there exist fundamental species differ-
ences, perhaps deriving from the nonabsolute congruency between murine and 
human cellular immune processes, mechanisms, and cell populations and sub-
populations. That said, it is unquestionable that cells in rheumatic joints are in a 
distressed state, attributable in part at least to IFN-g. It follows therefore that 
pro-inflammatory cytokines act detrimentally upon synovial fibroblasts, across 
species and pathological model. These cells in the activated state – activated T 
cells, challenged synovial fibroblasts – are the main source of RANKL, which 
in turn is responsible for osteoclast differentiation, although RANKL has also 
been shown to be produced by T cells.

•	 Cytokines have a myriad of effects upon osteoclastogenesis: IL-1a, IL-1b, IL-6 and 
other members of the gp130 cytokine family, IL-7 (vide infra) and TNF-a directly 
or indirectly promote osteoclastogenesis, whereas IFN-b, IFN-g, IL-3, IL-4, IL-10, 
IL-13, and IL-12 alone and in synergy with IL-18 inhibit osteoclast formation. The 
IFN-g-mediated suppression of osteoclastogenesis, most likely occurs, as noted 
above, by inhibiting RANKL signaling by downregulation of the transcription 
factor TRAF6 expression via the signal transducers and activators of transcription 
family member 1 (Stat1). TGF-b, depending on the micro-environment, can both 
induce, via suppressor of cytokine signaling 3 (SOCS3) or suppress osteoclastogen-
esis (Theoleyre et al. 2004; Takayanagi et al. 2005). Osteoblasts may also serve in 
these activation processes since they posess antigen-presenting properties, express 
both MHC Class-II molecules and CD54 (ICAM-1) and CD166 (ALCAM), and 
are thus capable also of activating T cells. Osteoblasts express members of the 
TOLL-like receptor family (i.e., TLR-4, TLR-5, and TLR-9), indicating an active 
role in host immune response. Pattern recognition receptors were found not only on 
the surface of osteoblasts but also intracellularly (Marriott et al. 2005). The data 
could demonstrate the expression of the nucleotide-binding oligomerization domain 
proteins NOD1 and NOD2 following bacterial challenge of the cells. Osteoblasts 
also produce IL-6 upon encountering T cells and following stimulation by IL-17 
(vide infra). Lastly, and of great relevance to osteopathologies, such as rheumatoid 
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arthritis, which often have an etiology that can be traced to a superantigen origin, 
osteoblasts are quite capable and endowed to present superantigen effectively to  
T cells. (Stanley et al. 2006). Nonetheless, there is relatively little detailed informa-
tion on the cytokine production pattern of osteoblasts. IL-6 was shown to be pro-
duced by stromal cells/osteoblasts (Bordin et  al. 2003). Production of IL-6 and 
RANKL by osteoblasts is promoted by PTH and TNF-a, but with markedly different 
kinetics. Whereas PTH induces a rapid, but transient elevation of both cytokines, 
TNF-a leads to a biphasic and sustained increase of these cytokines, thus indicating 
the potent role of TNF-a in osteoimmune pathologic conditions (Dai et al. 2006).

In brief, bone homeostasis refers to the constant process of remodeling, by which 
old bone is replaced by new bone. The skeleton, including the rostral skeleton is a 
metabolically active organ that undergoes continuous remodeling throughout devel-
opment and aging. Two populations of cells drive this process: the bone-resorpting 
osteoclasts, and the bone-generating osteoblasts. Several factors control and regulate 
the process of bone homeostasis, including:

Local factors, such as immune cell-produced cytokines (e.g., TGF-•	 b; TNF-a; 
IL-1b; IL-12).
Growth factors (e.g., M-CSF; BMP’s).•	
Mediators of cell-to-cell and matrix-to-cell communication.•	
Products of the neuroendocrine system (e.g., estrogen, PTH; PTHrP; insulin-like •	
growth factors [IGF’s]) (Raisz 1999; Hadjidakis and Androulakis 2006).

As was discussed earlier and now can begin to fit into a Gestalt3 of our understand-
ing of the fiundamentals of oesteo-immunology. In brief, the RANK/RANKL/OPG 
system is critical to the processes of bone resorption and formation, are tightly 
coupled to allow the wave of bone formation to follow each cycle of bone resorp-
tion, and are the central engine that regulates bone and skeletal integrity (Hadjidakis 
and Androulakis 2006).

	1.	 The regulation of bone metabolism occurs principally through the RANK signaling 
pathway. Stromal osteoblastic precursors express on their surface the RANK 
ligand (RANKL) as we have discussed earlier, and produce a soluble of RANKL, 
osteoprotegerin (OPG). Bone-resorbing hormones, including PTH, and cytok-
ines, such as IL-1b or TNF-a, induce RANKL expression by stromal osteo-
blastic cells. RANKL then engages RANK on the osteoclastic progenitors, 
which induces their differentiation into osteoclasts. The process is enhanced by 
M-CSF, which is also produced by the osteoblast cells, and finds receptor-
mediated binding and cell signaling on the maturing osteoclastic cells. OPG is a 
decoy ligand, preventing RANKL interaction with RANK on osteoclastic pro-
genitors, and acts as a potent inhibitor of ostaclastogenesis.

	2.	 The osteoimmune relationship notably manifests expression of RANKL by acti-
vated T cells, and T cells support osteoclastogenesis. OPG secretion is upregulated 

3 German for “shape,” or totality of a given entity in terms of its shape. Used commonly to 
describe wholeness.
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by anti-CD3 antibody stimulation of normal CD4 T cells in vitro, and enhanced 
by IL-4, IL-1b, TNF-a, GM-CSF, but blunted by IL-10 (Kotake et  al. 2001; 
Colucci et al. 2004.

	3.	 Other immune factors can substitute RANK/RANKL/OPG system in osteoclasto-
genesis. Bacterial lipopolysaccharide (LPS), the CD34 ligand, leads to inflammation 
systemically via IL-1b, IL-6, and TNF-a, and can stimulate osteoclastogenesis 
and bone resorption locally by binding to the Toll-like receptor 4, leading to NF-kB 
activation in OC. This effect is not blocked by OPG. Further, in combination with 
TNF-a, the inflammatory T-cell-derived cytokine found in fluid from osteoarthritic 
joints, IL-17 can stimulate OC differentiation and bone degradation in an NF-kB-
independent process that also cannot be blocked by OPG.

	4.	 The observation that T cells from arthritic joints also express RANKL suggests that 
IL-17 may be a significant pathway of osteoclastogenesis that is redundant with, but 
independent from the RANK/RANKL/OPG system (Fig. 1.4 and Table 1.1).

The •	 IL-17 family of cytokines includes IL-17B, IL-17C, IL-17D, IL-17E (also 
called IL-25), and IL-17F. The primary function of IL-17-related cytokines is 
to modulate induction of many immune signaling molecules. The most notable 

Fig. 1.4  The role of interleukin (IL)-17 in the osteoimmune system. This schematic representation 
of the multifaceted physiologic role of IL-17 shows that this inflammatory cytokine, produced by 
activated lymphoid-derived T cells rather than myeloid-derived monocytes/macrophages, 
contributes to the activation of the latter, as it also contributes to regulating the maturation of 
osteoclast precursors (Op) and, when further aided by T cell-produced TH1 and TH2 cytokines, 
the activation of bone resorbing osteoclasts. Much of the regulatory role of IL-17 is attributed to 
its modulation of RANKL. Adapted from: osteoimmunology.com/

http://osteoimmunology.com/
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role of IL-17 is its involvement in inducing and mediating proinflammatory 
responses. IL-17 is commonly associated with allergic responses. IL-17 
induces the production of many other cytokines (such as IL-6, G-CSF, 
GM-CSF, IL-1b, TGF-b, TNF-a), chemokines (including IL-8, growth related 
gene alpha, GRO-a, and MCP-1), and prostaglandins (e.g., PGE2) from many 
cell types (fibroblasts, endothelial cells, epithelial cells, keratinocytes, and 
macrophages). The release of cytokines causes many functions, such as airway 
remodeling, a characteristic of IL-17 responses. The increased expression of 
chemokines attracts other cells including neutrophils but not eosinophils. 
IL-17 function is also essential to a subset of CD4+ T-Cells called T helper 17 
(TH17) cells. As a result of these roles, the IL-17 family has been linked to 
many immune/autoimmune related diseases including rheumatoid arthritis, 
asthma, lupus, allograft rejection, and antitumor immunity. Each member of 
the IL-17 family has a distinct pattern of cellular expression. The expression 
of IL-17A and IL-17F appear to be restricted to a small group of activated T 
cells, and upregulated during inflammation. IL-17B is expressed in several 
peripheral tissues and immune tissues. IL-17C is also highly upregulated in 
inflammatory conditions, although in resting conditions is low in abundance. 
IL-17D is highly expressed in the nervous system and in skeletal muscle and 

Table 1.1  Modulators of RANKL, OPG, and RANK expression (taken from 
Weitzmanm and Pacifici 2007)

RANKL OPG RANK

Hormones
Vitamin D3a ↑ ↑ ↑
PTH ↑ ↓
PTHrP ↑
Estradiol ↑
Testosterone ↑
Prolactin ↑ ↓

Cytokines
TNFa ↑ ↑
TNFb ↑
IL-1a ↑
IL-1b ↑
IL-6b ↑ ↑ ↓
IL-11 ↑ ↑
IL-17 ↑
CD40L ↑ ↑

Growth factors
TGF-b ↓ ↑ ↓
BMP-2 ↑ ↑
LIF ↑ ↑ –
IGF-I ↑ ↓
VEGF ↑
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IL-17E is found at low levels in various peripheral tissues (Aggarwal and 
Gurney 2002; Kolls and Linden 2004; Yu and Gaffen 2008). Although it has 
only limited homology to other cytokines, IL-17 exhibits proinflammatory 
properties similar to those of TNFa, particularly with respect to induction of 
other inflammatory effectors, including several bone pathologies, most nota-
bly rheumatoid arthritis (Gaffen 2004). Research has established that signal 
transduction pathways dependent on PI3K/Akt and NF-kB are involved in 
bone-related pathology mediated IL-17 (Kim et al. 2005), possibly by modu-
lating, in part at least, production of related pro-inflammatory cytokines (i.e., 
IL-6, IL-8) by synovial fibroblasts (Hwang et al. 2004).
The •	 IL-17 receptor family consists of five, broadly distributed receptors that 
present with individual ligand specificities. Within this family of receptors, 
IL-17R is the best described. IL-17R binds both IL-17A and IL-17F and is 
expressed in multiple tissues: vascular endothelial cells, peripheral T cells,  
B cell lineages, fibroblast, lung, myelomonocytic cells, and marrow stromal 
cells. IL-17RB, binds both IL-17B and IL-17E. Furthermore, it is expressed 
in the kidney, pancreas, liver, brain, and intestine. IL-17RC is expressed by the 
prostate, cartilage, kidney, liver, heart, and muscle tissues. The IL-17RC gene 
may undergo alternate splicing to produce a soluble receptor in addition to its 
cell membrane-bound form. In similar manner, the gene for IL-17RD may 
undergo alternative splicing to yield a soluble receptor. This feature may 
allow these receptors to inhibit the stimulatory effects of their yet-undefined 
ligands. The least-described of these receptors, IL-17RE, is known to be 
expressed in the pancreas, brain, prostate, and bone (Aggarwal and Gurney 
2002; Gaffen 2004; Kolls and Linden 2004; Yu and Gaffen 2008).
Lymphocytes expressing •	 gd T-cell receptors constitute an entire system of 
functionally specialized subsets that have been implicated in the regulation of 
immune responses, including responses to pathogens and allergens, and in 
tissue repair. gd T cells represent a small subpopulation of T cells that, unlike 
ab T cells, function more as cells of the innate immune system. gd T cells are 
known to mediate the production of inflammatory cytokines, including 
interferon-g, tumor necrosis factor-a, and interleukin (IL)-17, and thus enable 
the activation of other subsets of infiltrating effector cells. However, not 
much attention was paid to gd T cells until the recent discovery of a distinct 
CD4+ T helper (TH) cell, TH17 cell. CD4+ T cells, upon activation and 
expansion, develop into different TH-cell subsets with different cytokine 
profiles and distinct effector functions. T cells were earlier divided into TH1 
or TH2 cells, depending on the cytokines they produce. A third subset of 
IL-17-producing effector TH cells, called TH17 cells, has been discovered 
and characterized recently. Since then the literature on IL-17-producing cells 
has grown steadily, and several studies have focused on gd T cells. Cytokine-
mediated modulation of CNS inflammatory diseases by gd T cells in humans 
or in animal models is currently the subject of many studies. IL-17 and its 
receptor IL-17R have been implicated in the pathogenesis of immune-
mediated CNS diseases, and attention has been paid to understand the 
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mechanisms by which IL-17 cytokines and it receptor (IL-17R) family medi-
ate the effects at a molecular level. This article reviews the studies that cover 
earlier aspects of gd T cell/IL-17 biology and the new dimension of gd T cells, 
IL-17, and IL-17/IL-17R signaling axis in CNS inflammation. Understanding 
the role of gd T cells, IL-17, and IL-17/IL-17R signaling axis in infection and 
immunity could open a new avenue for immunomodulation (Das Sarma 
2010; Barkhordarian et al. 2011).
Immune cells that are endowed with the ability to respond to challenges by •	
means of IL-17 are referred to as belonging to the TH17 group. TH17 cells 
are a subset of CD4+ T cells that are responsible for inflammatory and auto-
immune disorders. Data demonstrate the presence of TH17 cells, some of 
which produce both IL-17 and IFNg, indicating a putatively overlapping sub-
population of TH17/TH1 cells (Annunziato et  al. 2007; Romagnani et  al. 
2009). In brief, TH17 cells are characterized by:

Surface expression of CCR6, IL-23R, IL-12Rb2, and CD161.––
Expression of T-bet, retinoic acid-related orphan receptor (ROR)–– gt.
Ability to produce IFN-–– g and IL-17A in the presence of IL-12.
Ability to arise from CD161+CD4+ precursors, which constitutively ––
express RORgt and IL-23R, in response to the combined activity of IL-1b 
and IL-23.
Unresponsiveness to TGF-–– b for mediation of differentiation, although it 
can favor their proliferation by inhibiting T-bet expression (Romagnani 
et al. 2009).

1.2.3 � The Osteoblastic Niche for Immunogenesis

The RANKL–RANK–OPG (osteoprotegerin) axis noted above is an example of an 
important signaling system functioning both in bone and immune cell communica-
tion. RANKL is expressed on osteoblasts and activated T cells, whereas RANK is 
expressed on osteoclasts, and dendritic cells, both of which can be derived from 
myeloid progenitor cells. Surface RANKL on osteoblasts as well as secreted 
RANKL provide necessary signals for osteoclast precursors to differentiate into 
osteoclasts. RANKL expression on activated T cells leads to dendritic cell activa-
tion through binding to RANK expressed on dendritic cells. OPG, produced by 
dendritic cells, is a soluble decoy receptor for RANKL that competitively inhibits 
RANKL binding to RANK.

The bone marrow cavity is important for the proper development of the immune 
system, and houses important stem cells for the maintenance of the immune system. 
Within this space, as well as outside of it, cytokines produced by immune cells also 
have important effects on regulating bone homeostasis. Some important cytokines 
that are produced by the immune system, including RANKL, M-CSF, TNFa, ILs, 
and IFNs, affect the differentiation and activity of osteoclasts and bone resorption. 
During chronic inflammation, the balance of bone modeling and remodeling  
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can be greatly affected, contributing to painful and/or visible disorders in bone 
metabolism.

It is also critical to recognize at this juncture that the osteoblasts provide key 
factors for the development of hematopoietic stem cell niches. However, there is 
growing evidence that bone continues to play a role in adaptive immunity at later 
stages beyond lymphocyte development. For example, it is now known that long-
lived memory T and B cells return to specialized niches in the bone marrow. The 
significance of this observation is currently unknown but could be important in the 
crosstalk between the bone and immune system.

Hematopoietic stem cells are located in the bone marrow and are responsible for 
the continuous production of blood cells in an adult organism. Their capacity for 
self-renewal and their ability to differentiate into multiple cell types is strongly 
dependent on their surrounding microenvironment, which is also referred to as stem 
cell niche. There, cells produce various signaling molecules, cell adhesion mole-
cules, and components of the extracellular matrix and thereby determine the long-
term repopulating ability of stem cells. Taichman and Emerson (1998) remarked 
that osteoblasts play a crucial role in stem cell maintenance due to an intimate cell-
to-cell contact via integrins (Taichman et al. 2000). Another interesting observation 
was made in CBFA1 deficient mice, which are devoid of osteoblasts, and character-
ized by the absence of bone marrow. These mice do show normal hematopoietic 
development in ec topic sites, such as liver and spleen until day E17.5, suggesting 
an important role for osteoblasts in HSC homing into the bone marrow cavity 
(Ducy et al. 1997; Komori et al. 1997; Otto et al. 1997).

Bone homeostasis is in turn regulated by immune responses, particularly when 
the immune system has been activated by infection or becomes disregulated. In 
conditions such as periodontitis, infiltrating lymphocytes and other mononuclear 
cells produce key factors, which influence bone turnover by altering the balance 
between bone formation, mediated by osteoblasts, and bone resorption, mediated 
by osteoclasts. Beyond such pathological conditions, the question of whether the 
immune system influences normal oral bone metabolism, either by direct or indirect 
mechanisms, remains unanswered. However, the discovery of RANKL, and its 
characterization as a key differentiation factor for osteoclasts, and the findings that 
RANKL is expressed on activated T and B cells, has provided critical evidence for 
a potential link between normal immune responses and bone turnover. It is there-
fore becoming clear that crosstalk between the immune system and rostral bone 
through activated lymphocytes and bone cells occurs throughout life, as all 
mammals are constantly challenged by a diverse oral microflora, which induces 
some level of constant low grade immune system activation. Furthermore, as the 
aging process unfolds, there is an accumulation of memory T cells and B cells in 
the bone marrow, which express RANKL on their surface. These cells have now 
been shown to modulate bone turnover, in particular in periodontitis and other bone 
degenerating diseases.

Taken together, these and related issues place oral osteoimmunology in a 
position of unique clinical relevance.
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1.3 �Implication for Stomatology

1.3.1 � Facial Osteology

The rostral or facial skeleton is complex and unique in terms of the nature and 
structure of the bones involved, their ossification during ontogenesis, and their 
articulation. It corresponds to the bones of the anterior and lower human skull, as 
opposed to the posterior skull, the neurocranium, which contains the brain and the 
brain stem. The facial skeleton contains the organs proper of the anterior aspect of 
the cranium (e.g., eyes, ears, nose, mouth, including tongue, tonsils, etc.), and is 
thus often referred to as the splanchnocranium or viscerocranium.

Eight bones form the neurocranium, which are juxtaposed by means of sutures 
that form immovable (i.e., synarthrodial) joints. Some degree of malleability and 
flexibility of the sutures is permitted by the Sharpey’s fibers, named after the 
Scottish anatomist William Sharpey (1802–1880). These fibers are not unique to 
neurocranial sutures, and in fact present, for example, in the attachment of the peri-
odontal ligaments; there are micro-anatomical histological structures that resemble 
matrices of connective tissue intertwined together to form bundles of strong col-
lagenous fibers, which connect the periosteum to bone.

Fourteen bones form the splanchnocranium. Moreover, encased within the tem-
poral bones are the six auditory ossicles of the middle ear. In addition, the hyoid 
bone, while supporting the larynx, does not articulate with any of the other cranial 
bones, and thus may, or may not be considered a component of the facial skeleton 
proper (Fig. 1.5).

Fig. 1.5  The human facial skeleton. The figure shows a front view and a sagittal section of the facial 
skeleton from a human adult. Indicated are the principal bone structures that support the stoma supe-
riorly (e.g., zygomatic, maxillary, vomer, palatine), and inferiorly (i.e., mandibular). The latter section 
present aspects of the deep face. Adapted from: http://www.tpub.com/content/medical/14274/

http://www.tpub.com/content/medical/14274/
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During early ontogenesis, the bones of the facial skeleton derived from the 
pharyngeal arches (i.e., left and right mesodermal emergences, with no alterations 
in the ectodermal and endoderma layers, along the sides of the developing pharynx 
during the 3–5th week of intra uterine development in humans). There are six pharyn-
geal arches, but in human development, the fifth arch gives rise to no stomatological 
structures – hence, development proceeds along pharyngeal arches 1, 2, 3, 4, 6 as 
follows (Fig. 1.6):

•	 First pharyngeal arch – the mandibular arch: divides into a maxillary process to 
give rise to structures including the bones of the lower two thirds of the face (i.e., 
maxilla) up to and including the incus and malleus of the middle ear, as a superior 
regression of the Meckel’s cartilage; and a mandibular process that comes to form 
a cartilaginous “model” of the mandible as a cartilaginous bar of the mandibular 
arch known as cartilage of Meckel (named after the German anatomist Johann 
Friedrich Meckel (1781–1833)), with the associated muscles of mastication, 
anterior belly of the digastric, mylohyoid, tensor tympani, tensor veli palatini, as 
well as the V2 and V3 branches of the trigeminal nerve and the corresponding 
branches of the maxillary artery. The mandible (i.e., “lower jaw”) will eventually 
form by intramembranous ossification of the Meckel’s cartilage.

Fig.  1.6  Pharyngeal arches in the developing human fetus. The figure, adapted from Gray’s 
anatomy, shows a side view and sagittal section of the anterio-frontal aspect of a human fetus at 
25–30 days, gestational age. The specimen evinces clearly the first four tissue foldings located 
anterio-laterally to the median line and inferior to the developing stoma (i.e., olfactory pit). The 
first (mandibular) arch and associated lateral lingual tumerences are shown. The principal bones 
of the facial skeleton emerge from this arch. Source: Gray’s Anatomy
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•	 Second pharyngeal arch – the hyoid arch: development of the stapes ossicle of 
the middle ear, styloid process, hyoid (lesser horn and upper part of body), 
Reichert’s cartilage, with the associated musculature of facial expression, 
buccinator, platysma, stapedius, stylohyoid, posterior belly of the digastric, as 
well as the facial nerve, and the stapedial artery.

•	 Third pharyngeal arch – this determines the development of the greater horn 
and lower part of body of the hyoid bone, as well as the stylopharyngeus 
muscle, the glossopharyngeal nerve, and the common and internal carotid 
arteries.

•	 Fourth pharyngeal arch – for the development of the thyroid and epiglottic car-
tilages, and the associated cricothyroid muscle, and all the intrinsic muscles of 
soft palate including levator veli palatini, the vagus nerve and the superior laryn-
geal branch, as well as the fourth aortic arches, on the right signifying the sub-
clavian artery, and on the left signifying the aortic arch.

•	 Sixth pharyngeal arch – for the development of the cricoid, arytenoid, and cor-
niculate cartilages, and associated intrinsic muscles of larynx except the crico-
thyroid muscle, the vagus nerve and its recurrent laryngeal branch, and the sixth 
aortic arches, on the right signifying the pulmonary artery, and on the left signi-
fying the pulmonary artery and ductus arteriosus.

Clearly, with respect to the development of the oral cavity proper, the first pharyn-
geal arch, which is the first to form, separates the emerging mouth pit (i.e., stomo-
deum) from the pericardium, and forms pharingo-laryngeal structures. The 
stomodeum first arises as a depression between the developing structures that 
becomes the brain and the pericardium.

As the anterior aspect of the embryo forms and develops in the initial 1–4 weeks 
of ontogenesis, precursor rudiments of what soon develops into the cephalic flex-
ure, the pericardial, and the bucco-pharyngeal membrane structures come to present 
on the antero- ventral surface of the embryo. As the brain further expands, and the 
forward bulging of the pericardium grows, the bucco-pharyngeal membrane forms 
a depression between these two prominences. This depression constitutes the sto-
modeum, which is lined by ectoderm, and is separated from the anterior end of the 
foregut by the membrane itself. The bucco-pharyngeal membrane is thus formed by 
the apposition of the stomodeal ectoderm and foregut endoderm. By the fourth 
week of intrauterine development, the bucco-pharyngeal membrane disappears, and 
a patent communication is established between the mouth and the emerging phar-
ynx. The lips, teeth, and gums emerge from the ectodermal walls of the stomod-
eum. The tongue advances anteriorly from the floor of the pharynx: the anterior two 
thirds of the adult tongue derive from the first pharyngeal arch, and the posterior 
one third emerges from the hypobranchial eminence as the copula, formed by the 
forward growth and fusion of the ventral ends of the second, third, and part of the 
fourth arches.

Perinatally – whereas the principal features of the facial skeleton (cf., Fig. 1.5) 
are apparent, ontogenesis of the splanchnocranium is not finished, as stomato-
logical ossification is not complete.
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•	 Inferior nasal concha, as noted above (vide supra) extends laterally along the 
wall of the nasal cavity, and posteriorly to articulate with the conchal crest of 
the palatine bone. Anteriorly, it articulates with the conchal crest of the maxilla. 
The sphenopalatine (aka, pterygopalatine) ganglion, one of the four parasym-
pathetic ganglion found in the deep face, lies in the pterygopalatine fossa that 
sits superiorly within it, and projects its branches to each of the superior, middle, 
and inferior ridges. The ganglion is suspended by nerve roots from the maxillary 
nerve, the second or middle branch of the trigeminal nerve (V2). The ganglion 
also has a sympathetic component, as it receives sympathetic efferent postgan-
glionic fibers from the superior cervical ganglion. These fibers traveled from the 
superior cervical to the sphenopalatine ganglion via the deep petrosal nerve, 
which joins with the greater petrosal nerve, a branch of the facial nerve, to form 
the nerve of the pterygoid canal (aka, Vidian nerve, named after Vidus Vidius, 
the Italian anatomist born Guido Guidi, 1508–1569), that serves this ganglion. 
The ossification process of the nasal concha begins during the fifth month of 
intrauterine life from a single ossification center that emerges in the lateral wall 
of the cartilaginous nasal capsule.

•	 Maxilla is actually the product a fusion of two bones along the palatal fissure. 
On each side, the maxilla consists of the body of the maxilla, wherein lies the 
large maxillary sinus, the zygomatic, frontal, alveolar, and palatine processes, 
and the infraorbital foramen to permit passage of the infraorbital branch of the 
maxillary nerve (V2), and its associated artery. The maxilla articulates with two 
among the cranial bones (i.e., frontal and ethmoid), and several bones of the 
facial skeleton: nasal, zygomatic, lacrimal, inferior nasal concha, palatine, and 
vomer. It derives from the first pharyngeal arch, and its ossification is ossified 
from perhaps as many as six, or as few as two centers4: one for the maxilla 
proper and one for the premaxilla (i.e., os incisivum, os intermaxillare), which 
appear during the sixth week of intra uterine development. They eventually fuse 
completely (e.g., sutura incisiva), early in the third month. The suture line 
between the two maxillary portions may persist on the hard palate throughout 
adult life.

•	 Palatine bone, forms what is commonly known as the hard palate,5 and contin-
ues posteriorly as the soft palate, which consists of a membranous aponeurosis 
and movable, fibromuscular fold, the velum palatini that is attached to the pos-
terior edge of the hard palate, and extends postero-inferiorly to a curved free 

4 For an interesting account of the historical evolution of this area of research, cf., Barteczko and 
Jacob (2004).
5 Note: the torus (pl., tori) palatinus (i) is a bony protrusion on the palate, most commonly found 
on the midline of the hard palate. Tori can also occur, abeit with a reduced prevalence, on the 
medial aspect of the mandibular bone (torus mandibularis). Palatal tori are more prevalent in the 
Asian, compared with the white Anglo-saxon US populations (20–35%). The condition is typi-
cally more prevalent in the young adult population, and tori may reduce in size in aging because 
of bone resorption events. The condition is twice more common in females, but relatively similar 
between blacks and whites in the United States. They may be an autosomal dominant trait.
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margin from which hangs a conical process, the uvula. The palatine aponeurosis 
provides attachment for the four muscles of the soft palate: the Levator Veli 
Palatini, Tensor Veli Palatini, Palatoglossus, Palatopharyngeus, as well as the 
muscle of the uvula, the Musculus Uvulae. The palatine bone articulates with the 
bones of the deep face, important for the internal structure of the oral cavity, the 
sphenoid, ethmoid,6 maxilla, inferior nasal concha, vomer bones. The palatine 
bone contributes to the floor and lateral wall of the nasal cavity, the roof of the 
mouth, and the floor of the orbit. Furthermore, it contributes to the formation of 
the pterygopalatine and pterygoid fossæ, and the inferior orbital fissure. The 
palatine bone is ossified in membrane from a single center, which makes its 
appearance about the sixth to eighth gestational week. The center appears at the 
angle of junction of the two parts of the bone, and spreads medially to the hori-
zontal face, inferiorly into the pyramidal process, and superiorly to the vertical 
facet. These events lead to a putative timeline of ossification of the palatine bone 
as proceeding forward from four centers that are responsible for

The pyramidal process and portion of the vertical part behind the pterygo-––
palatine groove
The remaining vertical and the horizontal portions––
The orbital process––
The sphenoidal process––

At birth, the height of the vertical aspect of the palatine bone is roughly equal to 
its transverse width’s horizontally part, and during normal postnatal ontogenic 
development, the former progressively grows larger than the latter.

•	 Vomer bone is a thin, somewhat quadrilateral, or trapezoidal bone situated in the 
median plane, and forms the inferior and posterior aspects hinder of the nasal 
septum. Along its two surfaces run the nasopalatine groove obliquely downward 
and forward to aid the nasopalatine nerve and vessels. The vomer articulates 
with the sphenoid and ethmoid bones, the two maxillae, and the two palatine 
bones, and specifically its inferior border articulates with the crest formed by the 
maxilla and palatine bones. The vomero-nasal organ, also called Jacobson’s 
organ, is a chemoreceptor organ named for its closeness to the vomer and nasal 
bones, and is particularly developed in felines and canines. Early in ontogenesis 
(fifth to seventh week of gestation), the septum of the nose consists of a plate of 
cartilage, the ethmo-vomerine cartilage. As the postero-superior part of this 
cartilage is ossified, it comes to form the perpendicular plate of the ethmoid. Its 
antero-inferior portion persists as the septal cartilage. By contrast, the vomer is 
ossified in the membrane covering its postero-inferior part. Two ossific centers, 
one on either side of the middle line, appear about the eighth gestational week, 
which generates each of the two lamellae of the vomer, and which eventually 
joins and fuses about the third month of fetal life. A deep groove remains, which 

6 Both the ethmoid and the sphenoid bones are, as discussed above, superior and deep to the oral 
cavity proper, and serve more properly the nasal, rather than the oral stomata.
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retains the cartilage, which is progressively absorbed in the continued process of 
ossification during ontogenesis as the union of the lamellae extends upward and 
forward. Postnatally, it takes another 10–15 years of growth and development 
before the lamellae is completely united to form the median plate of the vomer. 
The evidence of the bi-laminar origin of the vomer bone remains in adulthood 
in the everted alae of its upper border and the groove on its anterior margin.

•	 Zygomatic bones in vertebrates are small quadrangular paired bones which is 
present on each side of the face socket, forming the prominence of the cheek. 
They are also called in lay term, the cheekbones (aka, malar [Lt., malaris, 
cheeckbone] bones, malar-temporal bones). They play a critical structural role 
as they articulate with the maxilla, the temporal bone, the sphenoid bone, and 
the frontal bone. The malar aspect of the zygomatic bone presents the zygoma-
ticofacial foramen for the passage of the zygomaticofacial nerve and vessels; the 
temporal aspect of the zygomatic bone supports articulation with the maxilla, 
and forms the anterior boundary of the temporal fossa, the lower a part of the 
infratemporal fossa, an irregularly shaped cavity, situated below and medial to 
the zygomatic arch, and bounded laterally by the ramus of mandible. During 
ontogenesis, the zygomatic bones ossify from three centers: the malar aspect, the 
superior and inferior aspects of the orbital facets, starting about seventh to eighth 
gestational week, and resulting in fusing by the fifth month of intrauterine life.

•	 Mandible articulates with the two temporal bones at the temporomandibular 
joints. These are complex synovial joints (i.e., gliding or arthrodial) whose 
motion, while considerably occurs in one plane only (i.e., hinge or gingymal), 
and which suffer from several dysfunctions, including inflammatory osteoarthritis, 
with significant local and systemic sequelae. The mandibular bone has a large 
and deep medullary core, where osteoimmune processes, such as those described 
earlier occur, as well as a cortical rim that is 2–4 mm thick is found. The onto-
genic ossification of the mandibular bone is complex, and is initiated within the 
fibrous membrane covering the outer surfaces of the two Meckel’s cartilages 
(right and left). The proximal (i.e., cranial) ends become contiguous with the ear 
capsules, as their distal extremities conjoin at the symphysis by mesodermal tissue. 
The process of ossification runs forward immediately inferior to the condyles 
and eventually incline superior-medially to the symphysis. Proximally, the malleus 
and incus, two of the bones of the middle ear, arise. The next succeeding portion 
of the cartilage, as far as the lingula, is progressively replaced by fibrous tissue 
which forms the sphenomandibular ligament. As the cartilage disappears 
between the lingula and the canine tooth; ossification also proceeds inferior-
posteriorly to where the incisor teeth sits. In brief, ossification of the mandibular 
bone from the Meckel’s cartilage is considered to arise independently on the 
right and on the left side from a single center, which appears near the mental 
foramen about the fifth to seventh week of gestation. Accessory nuclei of ossi-
fication from the cartilage may appear later in prenatal life to bring this complex 
and multifaceted process forward, but they possess no separate ossification 
centers. Rather, they are invaded by the surrounding membrane bone, which 
engenders the process of absorption. By contrast, the inner alveolar border of the 
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mandibular bone may arise from a separate and distinct ossification center during 
ontogenesis, the splenial7 center, which results from an ingrowth from the main 
mass of the bone. Perinatally, the mandibular bone consists of two parts that are 
joined by a fibrous symphysis, which completes its process of ossification in the 
first year postnatally. The condylar process is positioned in the superior-lateral 
most aspect of the ramus of mandibular bone, which signifies the attachment of 
three of the four powerful masticatory muscles (i.e., masseter, temporal, medial 
pterygoid). The condylar and pericondilar aspects of the mandibular bone (e.g., 
subcondylar region located between the condyle and the coronoid process of the 
mandible; aka, mandibular notch) are most prone to fracture (36%) during post-
natal development and adult life. These are dangerous fractures, which require 
delicate interventions, because they can engender significant and profound dysfunc-
tions of the temporo-mandibular joint (vedi infra), consequential inflammatory 
events that may precipitate osteoarthritis of the jaw joint. It is also the case, 
however, and it is important to note that traumatic arthritis without condylar 
fracture may also develop from indirect transmitted violence to the superior 
aspect of the ramus of the mandibular bone. From an osteoimmune perspective, 
condylar fractures are critical. Condylar fractures can be

Extracapsular––
Subcondylar––
Intracapsular––

The powerful lateral pterygoid muscle then tends to cause important anterior and 
medial displacement of the condylar process (i.e., processus condyloideus), 
which signify the onset of joint disorders, including damage to branches of the 
trigeminal and facial cranial nerves that run proximally, either lateral or medial, 
to the condylar and pericondylar aspects. Several types of condylar fractures are 
consequential to trauma (e.g., accidents, sports), and present in order of increas-
ing severity as follows:

–– Type I: fracture of the neck of the condyle with relatively slight displacement of 
the head. The angle between head and axis of ramus can vary from 10 to 45°.

–– Type II: fracture that produces an angle from 45 to 90°, and that results in 
tearing of the medial portion of the joint capsule, with potential associated 
hemarthrosis.

–– Type III: fracture that is so severe that the fragments are not continuous any-
more, but still confined within the area of the glenoidfossa, resulting in signifi-
cant medial and anterior displacement, and a tearing of the capsule such that 
the condylar head is now outside the capsule, and associated hemarthrosis. 
Often, in these cases, the fracture is associated with partial or complete 

7 Derived from splenia (Lt. pl of spenium, splint). It is a piece found in the mandibular bone in 
homo sapiens, and well retained throughout phylogeny as it is evident in facial skeletons from 
dinosaurs, reptiles, birds, and early mammals as well. It serves as a splint typically along the 
ventromedial surface of the mandible.



32 1 Osteoimmunology: The Bone-Immune Crosstalk

rupture of inferior dental artery, which signifies impaired endosteal blood 
supply and endogenous osteoimmune healing processes.

–– Type IV: fracture of the condylar head that now comes to articulate on or in a 
forward position with regard to the articular eminence.

–– Type V: fracture that presents vertically or obliquely through the head of the 
condyle.

Hyoid bone rests at the level of the base of the mandible in the front and the third 
cervical vertebra behind, and provides attachment to the muscles of the floor of the 
mouth and the tongue above (i.e., Middle pharyngeal constrictor, Hyoglossus, 
Digastric, Stylohyoid, Geniohyoid, and Mylohyoid muscles), and the larynx below, 
and the epiglottis and pharynx behind (i.e., Thyrohyoid, Omohyoid, and Sternohyoid 
muscles). It is a suspended bone held in place by the thyroid ligaments. Thus, it 
does not articulate with any other, and functions to allow a wider range of tongue, 
pharyngeal, and laryngeal movements by bracing these structures alongside each 
other in order to produce variation. Anatomically, it consists of a central part, the 
body (i.e., corpus oss. Hyoidei, aka basihyal), that sits antero-medially, and two 
pairs of latero-posterior extensions, called the cornua. The greater cornu (i.e., cor-
nua majora; aka thyrohyals) project backward from the lateral borders of the body, 
flatten from above downward, and diminish in size from anterior to backward. 
They project into a tubercle that attaches the lateral hypothyroid ligament. The 
lesser cornu (i.e., cornua minora, aka ceratohyals) are smaller conical eminences, 
that are attached by their bases to the angles of junction between the body and 
greater cornua by fibrous tissue, and occasionally distinct diarthrodial joints (i.e., 
synchondroses in early ontogeny, and after middle life usually by bony union), 
which persist throughout ontogeny, but are at risk of become ankylosed (vedi infra) 
in later life. The early ontogeny of the hyoid bone is complex in that the lesser 
cornu and the most superior aspect of the hyoid body originate from the second 
pharyngeal arch, while the greater cornu and the lower part of the body of hyoid 
arise from the third pharyngeal arch. Moreover, ossification of the hyoid bone pro-
ceeds from six centers: two for the body, and one for each cornu. The process of 
ossification commences in the greater cornua during late fetal life, and proceeds 
rapidly to the body, and terminates in the lesser cornua in the first to second year 
postnatally. The connection between the body and greater cornu may remain 
fibrous until middle-age.

1.3.2 � The Temporomandibular Joint

The temporomandibular joint (i.e., articulatio temporomandibularis; aka, “jaw 
joint”; TMJ) forms the articulation of the upper temporal bone, which is part of the 
cranium, superiorly, and the mandibular bone, commonly called the mandible 
(i.e., the “lower jaw”), inferiorly. The TMJ is a synovial joint, which is nearly 
unique, with the sternoclavicular joint, in that it possesses an articular disc that 



331.3 Implication for Stomatology

cushions the joint, composed of fibrocartilagenous tissue (i.e., firm and flexible 
elastic cartilage). From an anatomical perspective, the disc creates two spaces:

•	 Inferior to the articular disc, a TMJ compartment is formed by the mandible and 
the articular disc, involved in a rotational movement, which is the initial movement 
of the jaw as the mouth opens. The rotation of the condylar head around its instan-
taneous axis of rotation permits the first 20 mm or so of the opening of the mouth. 
Beyond that point, a translational movement8 is necessary for further extension of 
the joint, which is achieved by the superior compartment of the TMJ.

•	 Superior to the disc, the TMJ compartment consists of the articular disk and the 
temporal bone, and is involved in the translational movements of the jaw, which 
corresponds to the secondary gliding motion of the jaw as the mouth is opened 
widely. The superior compartment is divided into two parts by a narrow slit, the 
petrotympanic fissure (Glaserian9 fissure, named after the Swiss anatomist, 
Johann Glaser (1629–1675)).

The part of the mandible that conjoins to the under-surface of the disc is the man-
dibular condyle (vedi supra). The aspect of the temporal bone that conjoins with the 
upper surface of the disk is the glenoid (or mandibular) fossa, a concave depression 
in the squamous portion of the temporal bone that is bounded anteriorly by the 
articular tubercle, and posteriorly by the tympanic part of the bone, beyond which 
lies the external acoustic meatus. That proximity to the auditory organ provides 
some degree of explanatory rationale for why, as osteoimunnological events pre-
cipitate TMJ dysfunctions (vide infra; aka temporomandibular dysfunctions, 
TMD), one common complaint is ringing in the ears (i.e., tinnitus10). Those relation-
ships develop and establish in ontogenesis around 12 weeks in utero, ossification 
proceeds (vide supra), and the joint spaces and the articular disc develops.

8 Translation of the TMJ has been traditionally seen as a forward and downward sliding motion, 
on the anterior concave surface of the glenoid fossa and the posterior convex surface of the articular 
eminence. However, it is now clear that this translation actually amounts to a rotation around 
another axis, and that it engenders an “evolute,” the resultant axis of mandibular rotation, which 
lies in the vicinity of the mandibular foramen, allowing for a low-tension environment for the 
vasculature and innervation of the mandible (Moss 1972).
9 Not to be mistaken with the term “Gasserian,” such as in the gasserian (i.e., trigeminal, aka 
“semilunar”) ganglion, a sensory ganglion of the trigeminal nerve the Meckel’s cavity within the 
dura mater, and that covers the trigeminal impression near the apex of the petrous part of the 
temporal bone, whence emerge the ophthalmic, maxillary, and mandibular branches of the 
trigeminal nerve, Cranial nerve V. The gasserian ganglion was named by Anton Hirsh, student of 
Johann Lorenz Gasser (Austrian anatomist, 1723–1765), in Anton Balthasar Raymund Hirsch. 
Pars quinti encephali disquisitio anatomica. Vienna, 1765. Re-published by Christian Friedrich 
Ludwig (1751–1823): Scriptores neurologici minores selecti, sive opera minora ad anatomiam, 
physiologiam et pathologiam nervorum spectantia. Volume 1, pp. 244–162. Leipzig, 1791.
10 To be sure, tinnitus, the perception of ringing or sound within the ear in the absence of corre-
sponding external sound, may result from a range of underlying causes, ranging from ear infec-
tions, to foreign objects or wax in the ear, nose allergies that prevent (or induce) fluid drain and 
cause wax build-up, and side effect of medications, of genetic (congenital) hearing loss, or of 
noise-induced hearing loss.
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The TMJ is a two-component joint in structure, as outlined above, and function. 
It is supplied by branches of the external carotid artery, such as the superficial 
temporal branch, the deep auricular artery, the anterior tympanic artery, the 
ascending pharyngeal artery, and the maxillary artery. Functionally, the TMJ is a 
ginglymo-arthrodial joint, and both the articulation in one plane11 and the gliding12 
properties of the joint can, and will suffer significantly in the case of osteoimmune 
pathologies, such as osteoarthritis, osteoporosis, or osteopetrosis (vide infra; 
cf. Fig. 1.7). Within these spatial constraints, the TMJ has several movements:

•	 Excursions: normal movements of the mandible during function, such as 
mastication, or chewing. Here, the working side condyle, which lies on the side 

Fig. 1.7  Rheumatoid arthritis in the temporomandibular joint A side and a sagittal view of the 
temporomandibular-joint are shown, the latter presenting the position of the synovial articular disk 
between the mandibular condyle and the maxillary articular tubercule. The schematic representa-
tion outlines the events leading from inflammation (i.e., IL-17 regulated) to osteoclastogenesis 
and bone resorption. This process distinguishes the arthrtic joint, with inflammed synovium, from 
a normal joint characterized by a normal synovial membrane lining. Pathway by which RANKL 
activates osteoclast bone resorption and synoviocytes, which then invade cartilage is not shown. 
Takayanagi (2007, 2009); source: http://www.nature.com/nri/journal/v7/fig_tab/nri2062_F2.html

11 A ginglymal joint is one in which the articular surfaces are molded to each other in such a 
manner as to permit motion only in one plane.
12 An arthrodial joint is a synovial joint which, under physiological conditions, allows only gliding 
movement.

http://www.nature.com/nri/journal/v7/fig_tab/nri2062_F2.html
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of the mandible that moves outward, performs rotation in the horizontal plane, 
whereas the balancing side condyle performs translation.

•	 Protrusion: a specific type of nonlateral, but rather forward excursion. Protrusion 
is accomplished by translation of the condyle down the articular eminence supe-
riorly, without any more than the slightest amount of rotation taking place in the 
inferior space of the TMJ, other than that necessary to allow the mandibular inci-
sors to come in front of the maxillary incisors without running into them.

•	 Retrusion: a reversal of protrusion.

The physical movements of the TMJ are directed by the four powerful muscles of 
mastication, and specifically the masseter, medial pterygoid, lateral pterygoid, and 
temporalis muscles. These muscles are innervated by the mandibular division of the 
trigeminal nerve (V3) and its sensory branches (i.e., auriculotemporal and masseteric 
branches of V3), and work to permit the mandible to move in different directions.

	1.	 Lateral pterygoid muscle acts to pull the disc and condyle forward within the 
glenoid fossa, and down the articular eminence (i.e., open the jaw).

	2.	 Masseter and medial pterygoid muscles close the jaw by pulling up the angle of 
the mandible.

	3.	 Temporalis closes the jaw by pulling up on the coronoid process.

The stability of the TMJ is ensured by fibrous ligaments, which on the one part 
provide a substantial amount of flexibility and strength, but on the other often harbor 
inflammatory processes, which may precipitate sustain osteoimmune pathologies 
that can be significantly damaging to the TMJ and produce a serious impairment in 
the quality of life of the patient (vide infra). Ligaments that define the border move-
ments of the TMJ include:

The •	 temporomandibular ligament, the thickened lateral portion of the capsule 
composed of an outer oblique and an inner horizontal portion (IHP).
The •	 stylomandibular and sphenomandibular ligaments are accessory and not 
directly attached to any part of the joint. The former separates the infratemporal 
region (anterior) from the parotid region (posterior), and runs from the styloid 
process to the angle of the mandible. The latter runs from the spine of the sphe-
noid bone to the lingula of mandible.

•	 Oto-mandibular ligaments that connect the middle ear (i.e., malleus) with tem-
poromandibular joint (e.g., discomallear, and malleomandibular ligaments).

1.3.3 � Immuno-Biology of Facial Bony Structures

As one considers the immuno-biology of facial bones, the question arises as to 
whether or not the osteologic structures that constitute the facial skeleton, and 
which we reviewed above, indeed contain adult stem cell niches, or are at all 
endowed with significantly relevant extent bone regeneration. Understandably, 
that question is clinically relevant for oral surgeons, implantologists, and oral 
biologists in general.
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Research findings over the past few years converge to the widely accepted view 
that, in fact, bone marrow stem cells have the potential to recreate tissues of the 
craniofacial region to restore normal structure and function in reconstructing the 
hard tissues of a face (Robey and Bianco 2006). Indeed, postnatal skeletal stem 
cells are a subpopulation of the bone marrow stromal cell network, and in fact only 
10%, at most, of the bone marrow clonal strains can form bone as definite adult 
skeletal stem cells (Bianco et al. 2006).

Whereas they are fundamentally similar to other bones, the osteological struc-
tures that constitute the splanchnocranium demonstrate discrete responses to devel-
opmental, mechanical, and homeostatic regulatory signals. Adult bone marrow 
stem cells obtained from either the mandible or long bones differentiated into 
osteoblasts, but mandible-derived cells exhibited a distinct epigenetic program, as 
manifested by increased expression of specific osteoblastic proteomic signature 
(e.g., alkaline phosphatase activity, mineralization, osteoblast gene expression), and 
overall greater effectiveness in the formation of colonies and larger bone nodules 
containing significantly more mineralized bone compared to osteoblasts derived 
from long-bone bone marrow stem cells. Taken together, the data to date suggest 
that mandible bone marrow-derived stem cells are endowed with increased osteo-
genic potential and augmented capacity to induce bone formation in  vitro and 
in vivo, compared with the potential of bone marrow-derived osteoblasts obtained 
from any long bone of the articular skeleton (Aghaloo et al. 2010).

Case in point, in situations of bone atrophy and pneumatization of the maxillary 
sinus consequential to loss of teeth in the posterior maxilla, the dimension of alveolar 
ridge is decreased and sinus augmentation procedures are to create bone quantity 
and quality to ensure the placement of dental implants (Park 2010). Failure to provide 
adequate support at the posterior dentition will lead to a series of occlusion issues, 
including loss of vertical dimension of the temporomandibular joint (TMJ), with 
possible compression of the auriculo-temporal nerve and local trigeminalgia, as 
well as general trigeminalgia via the Gasserian ganglion (Demerjian et al. 2010). 
The fact that adult stem cells, derived from various tissues including bone marrow, 
periosteum, and trabecular bone, have been successful in sinus augmentation pro-
cedures both experimentally and clinically across the board (Park 2010), together 
with the observation that bone morphogenetic proteins (vide infra, BMPs) mani-
fests osteoinductive properties in this context (Park 2009), attests to the osteo-
biological and osteoimmune resiliency of the facial skeleton.

As discussed earlier, BMPs and osteogenic proteins (OPs) are pleiotropic members 
of the transforming growth factor (TGF)-b supergene family, and as such play a 
central role in the osteoimmune network discussed here. These proteins act as soluble 
signals for the de novo initiation of bone formation, for sculpting the multicellular 
mineralized structures of the bone–bone marrow organ, and, in the context of the 
facial skeleton, not only favor the induction of cementogenesis, but also induce the 
morphogenesis of the periodontal ligament system with a faithful insertion of 
Sharpey’s fibers into the newly formed cementum. In the facial bony structure, as 
in the skeleton in general, these OPs of the TGF-b superfamily contribute to sculpting 
tissue constructs that engineer skeletal tissue regeneration in molecular terms: 
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in brief, they regulate the induction of bone, such that, as bone develops a mosaic 
structure, cytokine members of the TGF-b superfamily singly, synergistically, and 
synchronously initiate and maintain tissue induction and morphogenesis (Ripamonti 
et al. 2005). Direct translational implications of these basic findings of fundamental 
oestoimmunology is the clinical observation that clefts of the anterior maxilla can 
undergo complete osseous regeneration induced by recombinant human bone 
morphogenetic protein type-2 (rhuBMP-2) (Herford et al. 2007).

Furthermore, distraction osteogenesis is a fundamental event of the cranio-
maxillo-facial reconstruction process. The molecular mechanisms that regulate 
bone synthesis in the interfragmentary gap resulting from the gradual separation of 
bone segments, which signify the fundamental histology and cytology associated 
with distraction osteogenesis, are driven in large part by the RANK/RANKL/OPG 
system, discussed earlier (vide supra) for its central role in regulating bone metabo-
lism and osteoclastogenesis. Taken together, the data to date strongly support an 
important biological and molecular role for the influence of the RANK/RANKL/
OPG system on the bone healing and remodeling processes in distraction osteogen-
esis, and suggest possibly developing molecular interventions directed at improving 
the clinical outcome for distraction osteogenesis13 (Pérez-Sayáns et al. 2010).

13 Distraction osteogenesis, a surgical intervention introduced by the Italian surgeon Alessandro 
Codivilla (1861–1912) is used to reconstruct skeletal deformities primarily of the long bones, and 
is also applied to correct deformities of the maxillary and mandibular bones. When successful, the 
intervention simultaneously increases bone length and the volume of surrounding soft tissues. 
Maxillofacial surgeons use distraction osteogenesis for the correction of micrognathia, midface, 
and fronto-orbital hypoplasia in patients with craniofacial deformities.
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2.1 �Inflammatory Processes

2.1.1 � Osteoarthritis

Osteoarthritis (cf., Fig.  1.7) also known as degenerative arthritis or degenerative 
joint disease is a group of mechanical abnormalities involving degradation of joints, 
including articular cartilage and subchondral bone. Symptoms may include joint 
pain, tenderness, stiffness, locking, muscle atrophy, and sometimes an effusion. 
Osteoarthritis may find its etiology in hereditary, developmental, metabolic, 
mechanical trauma, and progressive loss of cartilage.

Osteoarthritis is the most common form of arthritis. An estimated 15% of 
Americans suffer from arthritis, and the annual cost to society is estimated to be 
$95 billion. It is the second most common cause cited in claims for Social Security 
disability benefits.

Primary Osteoarthritis (i.e., nodal Osteoarthritis; erosive or inflammatory 
osteoarthritis) is a chronic degenerative disorder related to but not caused by aging. 
As biological age progresses, the water content of the cartilage decreases as a result 
of a reduced proteoglycan content. This outcome results in the cartilage to be less 
resilient, and more susceptible to degradation and degeneration. Inflammation of 
the surrounding joint capsule ensues as breakdown products from the cartilage are 
released into the synovial space. New bone outgrowths, bone spurs (aka, osteophytes), 
form on the margins of the joints, possibly in an attempt to improve the congruence 
of the articular cartilage surfaces. These bone changes, together with the inflamma-
tion, can be both painful and debilitating.

Secondary osteoarthritis can be caused by other factors but the resulting pathology 
is the same as for primary osteoarthritis:

Congenital disorders of joints, including Marfan syndrome•	
Diabetes and obesity•	
Inflammatory diseases, for example•	

Chapter 2
Osteoimmunopathology
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Perthes’ disease (i.e., degenerative disease of the hip joint, with idiopathic ––
avascular osteonecrosis of the capital femoral epiphysis of the femoral head 
leading to an interruption of the blood supply of the head of the femur close 
to the hip joint)
Lyme disease (Lyme arthritis is usually observed in the joints of the extremities: ––
predominantly the knees, ankles, elbows, and wrist, and secondarily the hips and 
shoulders)
Other chronic forms of arthritis (e.g., costochondritis [i.e., Tietze syndrome], ––
gout, and rheumatoid arthritis)

Injury and sepsis to joints, with possible ligament deterioration or instability •	
may be a factor, etc.

The clinical success of tumor necrosis factor (TNF)-a blocking biologics in a growing 
number of immune-mediated pathologies, including, with respect to bone pathology, 
rheumatoid arthritis, and Ankylosing spondylitis. These and other non-osteoimmune 
conditions, such Crohn’s disease and psoriasis, confirm the importance of TNF-a in 
driving chronic inflammation. This realization represents an important step forward 
in the treatment of these conditions (vide infra). TNF-a blockade, however, is a treat-
ment, rather than a cure, and is not effective in all patients or in all autoimmune dis-
eases and further research is needed to get closer to a cure. Recently, the identification 
of the novel IL-17 producing T helper cell subset as noted earlier (vide supra) that 
plays a dominant pathogenic role in animal models of autoimmunity, is a major 
advance on existing knowledge; although the role of these cells in human disease 
remains to be established. Cytokines driving angiogenesis are also important in dis-
ease chronicity and thus might be valid therapeutic targets (Williams et al. 2007).

IL-17-producing helper T cells of the TH17 subpopulation play a major role in 
the etiology and progression of this osteoimmune pathology by RANKL (receptor 
activator for nuclear factor ￜB ligand), and thus favoring osteoclastogenesis, and 
soted above. IL-12 and IL-18 participate in inflammatory processes that can lead to 
highly destructive osteolysis, yet these cytokines potently block osteoclast formation 
through mediation of T cells. IL-23 participates in chronic inflammatory processes, 
but lack of this cytokine results in reduced bone mass in mice, pointing to an influence 
on physiological regulation of bone mass.

2.1.2 � Osteoporosis in HIV− and HIV+ Persons

2.1.2.1 � Osteoporosis in Otherwise Healthy Adults

Osteoporosis develops when bone that is lost is not replaced by new bone. It results 
from any imbalance of bone turnover that results due to excess of osteoclast activity 
(bone resorption) over osteoblast activity (bone formation). Biochemical markers 
that reflect bone remodeling in osteoporosis and which can be measured in blood 
or urine include bone resorption markers (cf., Table  2.1), such as pyridinoline, 
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deoxypyridinoline, and collagen cross-links, as well as bone formation biomarker, 
among which the most notable (vide supra) are: alkaline phosphatase and osteocalcin 
(Indumati and Patil 2010).

Osteoporosis is a disease of bones that leads to an increased risk of fracture. 
It is among the most common human bone disease and is characterized by low 
bone mass or bone mineral density and loss of bone tissue such as: disrupted bone 
microarchitecture, and the altered amount and variety of proteins in bone. It is 
defined by the World Health Organization (WHO), in women, as bone mineral 
density of 2.5 standard deviations below peak bone mass (20-year-old healthy 
female average).

Osteoporosis is most common in women after menopause (i.e., postmenopausal 
osteoporosis), but may also develop in men or women of any age consequential to 
hormonal disorders (e.g., hyperparathyroidism) and other chronic diseases, or gluco-
corticoids intake (i.e., steroid- or glucocorticoid-induced osteoporosis). Given its 
influence in the risk of fragility fracture, osteoporosis may significantly affect life 
expectancy and quality of life. Osteoporosis can be prevented with lifestyle changes 
(e.g., exercise) and sometimes medication (e.g., dietary supplements of calcium, 
VitD, bisphosphonates) (Fig. 2.1).

Table 2.1  Biomarkers of bone turnover (taken from Indumati and Patil 2010)

Markers of bone formation Abbreviation
Sample used 
for analysis

Total alkaline phosphatase Total ALP S
Bone-specific alkaline phosphatase Bone-ALP S
Osteocalcin OC S
Undercarboxylated Osteocalcin ucOC S

Procolagen-I extension peptides
N-Propeptide PINP S
C-Propeptide PICP S

Markers of bone resorption
Hydroxyproline Hyp U
Hydroxylysine Hyl U
Galactosyl hydroxylysine Gal-Hyl U
Glucosyl galactosyl hydroxylysine Glc-Gal-Hyl U
Pyridinoline (total free peptide-bound) PYD U
Deoxypyridinoline (free, total) DPD U
Type I collagen telopeptides NTX S/U

N-telopeptide (N-terminal cross-linking telopeptide) CTX S/U
C-telopeptide (C-terminal cross-linking telopeptide) CTX-MMP U
C-telopeptide generated by matrix metallo proteinases BSP S

Bone sialoprotein ACP S
TRACP S

Acid phosphatase
Tartarate resistant acid phosphatase
(5b isoform osteoclasts)



42 2 Osteoimmunopathology

Hypogonadal states can cause secondary osteoporosis. For example:

Turner syndrome•	
Klinefelter syndrome•	
Kallmann syndrome•	
Anorexia nervosa, malnutrition, malabsorbtion, coeliac disease, Crohn’s disease, •	
colitis, lactose intolerance, intestinal bypass surgery, or bowel resection surgery
Liver disease and primary biliary cirrhosis•	
Andropause (i.e., testosterone deficiency following surgical removal of the testes)•	
Hypothalamic amenorrhea or hyperprolactinemia•	
Cushing’s syndrome and other deregulation of the hypothalamic-pituitary-•	
adrenal axis
Thyrotoxicosis, hypothyroidism•	
Systemic lupus erythematosus, and associated renal insufficiency and failure•	
Diabetes mellitus type 1 and 2•	
Acromegaly and adrenal insufficiency, and even•	
Pregnancy and lactation, where there can be a reversible bone loss•	
Any condition associated with impaired calcium absorption•	

Furthermore, hematologic disorders linked to osteoporosis are:

Multiple myeloma and other monoclonal gammopathies•	
Lymphoma•	
Leukemia•	
Mastocytosis•	
Hemophilia•	
Sickle-cell disease•	
Thalassemia•	

Fig. 2.1  Estrogen deficiency and bone loss. The schematic pathway outlines the delineated steps 
by which low estrogen levels are associated with T cell activation, increased TNF-a production, 
and consequential augmentation of osteoclast activity, and bine resorption
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Several inherited disorders have been linked to osteoporosis. These include:

Osteogenesis imperfecta•	
Marfan syndrome•	
Hemochromatosis•	
Hypophosphatasia•	
Glycogen storage diseases•	
Homocystinuria•	
Ehlers–Danlos syndrome•	
Porphyria•	
Menkes’ syndrome•	
Epidermolysis bullosa•	
Gaucher’s disease•	
Other diseases including scoliosis, complex regional pain syndrome, Parkinson’s •	
disease, and chronic obstructive pulmonary disease

Quite surprisingly there are only few studies on RANKL or osteoprotegerin (OPG) 
in patients with osteoporosis. Eghbali-Fatourechi et al. (2003) determined the surface 
expression of RANKL on bone marrow mononuclear cells in premenopausal, early 
postmenopausal, and estrogen-treated postmenopausal women by flow cytometry. 
The surface expression of RANKL on marrow stromal cells, B cells, and T cells 
were significantly higher in early postmenopausal when compared to premeno-
pausal or estrogen-treated women. These findings suggest that upregulation of 
RANKL on stromal cells and lymphocytes in the bone marrow could mediate 
increased bone resorption consecutive to estrogen deficiency. Whereas, the study 
by Eghbali-Fatourechi et  al. (2003) refers to the early rapid phase of postmeno-
pausal bone loss; there are data that indicate a role of the RANKL/OPG pathway in 
fracture susceptibility.

Research has shown an increased RANKL/OPG mRNA ratio in bone biopsies 
from women with hip fractures (Abdallah et  al. 2005). In contrast to studies on 
surface expression or mRNA levels of RANKL and OPG, the measurement of these 
markers in serum has produced somewhat paradoxical results. With regard to OPG, 
most studies found elevated OPG serum levels in patients with osteoporosis 
(Grigrie et al. 2003), and reported decreased OPG levels in osteoporotic patients 
with vertebral fractures (Fahrleitner-Pammer et al. 2003).

As stated earlier (vide supra), bone remodeling is the process that continuously 
removes old material from the bone and adds new bone material. It is driven by 
various types of cells, most notably osteoblasts, which secrete new bone, and osteo-
clasts, which break bone down. The role of osteocytes is not well understood. 
RANKL binds to its receptor RANK, a member of the TNF receptor superfamily. 
RANK is expressed by preosteoclasts, and induces their conversion into mature 
osteoclasts. Denosumab inhibits the maturation of osteoclasts by binding to 
RANKL, protecting the bone from degradation and thus from osteoporosis. The 
drug therefore mimics the endogenous effects of OPG, another protein produced by 
osteoblasts which acts as an alternate receptor for RANKL, modulating the RANK/
RANKL induced osteoclast activity.
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The three main mechanisms by which osteoporosis develop include:

	1.	 Inadequate peak bone mass (the skeleton develops insufficient mass and strength 
during growth).

	2.	 Excessive bone resorption.
	3.	 Inadequate formation of new bone during remodeling.

An interplay of these three mechanisms underlies the development of fragile bone 
tissue.

Moreover, hormonal factors strongly determine the rate of bone resorption such as:

Lack of •	 estrogen (e.g., as a result of menopause) increases bone resorption as 
well as decreasing the deposition of new bone that normally takes place in 
weight-bearing bones. The amount of estrogen needed to suppress this process 
is lower than that normally needed to stimulate the uterus and breast gland. 
The a-form of the estrogen receptor appears to be the most important in regu-
lating bone turnover.

•	 Calcium metabolism plays a significant role in bone turnover, and deficiency of 
calcium and VitD leads to impaired bone deposition.
Parathyroid glands react to low calcium levels by secreting •	 PTH, which 
increases bone resorption to ensure sufficient calcium in the blood.
The role of •	 calcitonin, a hormone generated by the thyroid that regulates 
increases in bone deposition, is less clear and probably not as significant as that 
of estrogen.

As noted above, the activation of osteoclasts is regulated by various molecular 
signals, of which RANKL is one of best studied. This molecule is produced by 
osteoblasts and other cells (e.g., lymphocytes), and stimulates RANK. The OPG, as 
mentioned earlier, binds to RANKL before it has an opportunity to bind to RANK, 
and hence suppresses its ability to increase bone resorption. RANKL, RANK, and 
OPG are closely related to TNF and its receptors. The role of the wnt signaling 
pathway, as noted in the previous section, is recognized but less well understood. 
Local production of eicosanoids and interleukins is thought to participate in the 
regulation of bone turnover, and excess or reduced production of these mediators 
may underlie the development of osteoporosis (Fig. 2.2).

There are several medications used to treat osteoporosis, depending on gender. 
Medications themselves can be classified as antiresorptive or bone anabolic agents. 
Antiresorptive agents work primarily by reducing bone resorption, while bone ana-
bolic agents build bone rather than inhibit resorption. Lifestyle changes are also impor-
tant for the success of treatment, including long-term adherence to pharmacotherapy:

•	 Bisphosphonates are the main pharmacological measures for the treatment of 
osteoporosis, such as sodium alendronate (Fosamax) 10 mg a day or 70 mg once 
a week, risedronate (Actonel) 5 mg a day or 35 mg once a week, and/or iban-
dronate (Boniva) once a month. Data suggest that in patients who had suffered 
a low-impact hip fracture, annual infusion of 5 mg zoledronic acid reduced risk 
of any fracture by 35% (from 13.9 to 8.6%), vertebral fracture risk from 3.8 to 
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1.7%, and nonvertebral fracture risk from 10.7 to 7.6%. This study also found a 
mortality benefit: after 1.9 years, 9.6% of the study group (as opposed to 13.3% 
of the control group) had died of some other cause, indicating a mortality benefit 
of 28% (Lyles et al. 2007). Oral bisphosphonates are relatively poorly absorbed, 
and must therefore be taken on an empty stomach, with no food or drink to follow 
for the next 30 min. They are associated with inflammation of the esophagus 
(esophagitis) and are therefore sometimes poorly tolerated; weekly or monthly 
administration (depending on the preparation) decreases likelihood of esophagitis, 
and is now standard. Although intermittent dosing with the intravenous formula-
tions such as zolendronate (zoledronic acid) avoids oral tolerance problems, 
these agents are implicated at higher rates in a rare but severe bone disease 
called osteonecrosis of the jaw. Oral bisphosphonate therapy is probably to be 
preferred, and doctors now recommend that any needed remedial dental work 
be done before treatment begins.

•	 Estrogen replacement therapy remains a good treatment for prevention of osteo-
porosis, but may not be recommended unless there are other indications for its 
use as well. There is uncertainty and controversy about whether estrogen should 
be recommended in women in the first decade after menopause. In hypogonadal 
men, testosterone appeared to yield improvement in bone quantity and quality, 
but studies on the effects of fractures in men with a normal testosterone level are 
scarce. Selective Estrogen Receptor Modulators (SERMs) are a class of medica-
tions that act on the estrogen receptors throughout the body in a selective man-
ner. Normally, bone mineral density is tightly regulated by a balance between 
osteoblast and osteoclast activity in the trabecular bone. Estrogen has a major 
role in regulation of the bone formation–resorption equilibrium, as it stimulates 
osteoblast activity. Some SERMs such as raloxifene, act on the bone by slowing 
bone resorption by the osteoclasts. Raloxifene has the added advantage of reduc-
ing the risk of invasive breast cancer.

•	 Teriparatide (Forteo, recombinant parathyroid hormone, rPTH residues 1–34) 
may evince some success in osteoporosis, perhaps by acting as parathyroid 

Fig.  2.2  Osteoporosis. The figure contrasts histological bone samples from a normal healthy 
young adult male, and from an aging adult female with evident signs of bone resorption and 
osteoporosis (http://www.engr.iupui.edu/~turnerch/osteoporosis.gif)

http://www.engr.iupui.edu/~turnerch/osteoporosis.gif
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hormone to stimulate osteoblasts (vide supra), and increasing their activity. It is 
used mostly for patients with established osteoporosis (who have already 
fractured), and its administration is regulated by FDA, still at the time of this 
writing, to be used for treatment only if bisphosphonates have failed or are 
contraindicated. It is also widely recommended that patients with previous 
radiation therapy, or Paget’s disease, or young patients, avoid this medication.

•	 Inorganic salts, such as calcium salts come, which as water insoluble and soluble 
formulations of calcium carbonate, calcium citrate, lactate, and gluconate are 
used to some success. Sodium fluoride treatment may cause skeletal changes 
such as pronounced bone density with increased number and thickness of trabe-
culae, cortical thickening, and partial obliteration of the medullary space, which 
are distinctly undesirable side-effects.

•	 Alternative agents include Denosumab, a fully human monoclonal antibody that 
mimics the activity of OPG, binds to RANKL, thereby preventing RANKL from 
interacting with RANK, and thereby reducing bone resorption. Oral strontium 
ranelate is an alternative “dual action bone agents” (DABAs) in that it is effective 
in stimulating the proliferation of osteoblasts, and inhibiting the proliferation of 
osteoclasts. Strontium ranelate, when taken as a 2-g oral suspension daily, can 
prevent vertebral and hip fracture, with notabe side effect benefits over the bispho-
sphonates, as it does not cause any form of upper GI complications, the most 
common cause for medication withdrawal in osteoporosis. It appears that stron-
tium citrate might even be more safe and effective. In fact, the evidence to date 
points to the view that strontium, no matter the form, so long as water-soluble and 
thus ionized in the stomach acid to be protein-bound for transport from the 
intestinal tract and absorption into the blood stream, is effective and efficacious. 
Unlike drugs like sodium alendronate (i.e., Fosamax), strontium doesn’t inhibit 
bone recycling and, in fact, may produce stronger bones.

Calcium is required to support bone growth, bone healing, and maintain bone 
strength and is one aspect of treatment for osteoporosis. Recommendations for 
calcium intake vary depending country and age; for individuals at higher risk of 
osteoporosis (after 50 years of age) the amount recommended by US health agen-
cies is 1,200 g/day. Calcium supplements can be used to increase dietary intake, and 
absorption is optimized through taking in several small (500  mg or less) doses 
throughout the day. The role of calcium in preventing and treating osteoporosis is 
unclear – some populations with extremely low calcium intake also have extremely 
low rates of bone fracture, and others with high rates of calcium intake through 
milk and milk products have higher rates of bone fracture. Other factors, such as 
protein, salt and Vit D intake, exercise and exposure to sunlight, can all influence 
bone mineralization, making calcium intake one factor among many in the develop-
ment of osteoporosis. According to the report of WHO in 2007, calcium is con-
sumed by an acid load with food, hence it influences osteoporosis.

From the perspective of an ongoing research, one can summarize the field along 
with principally relevant bone-related biomarkers, which were discussed earlier 
(e.g., RANKL, Osteocalcin, OPG, Osteopontin, MMP-13, Calcitonin). These, and 
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related osteoimmune markers can be reliably measured in a diagnostic protocol for 
osteoporosis in particular, and other osteoimmunopathologies in general (Fukunaga 
and Sone 2001; Kiechl et  al. 2006; Lu et  al. 2006; Leibbrandt and Penninger 
2008), by assessing them independently or simultaneously, in only 25 mL sample 
volume of serum, plasma, cell culture supernatants, whole or parotid saliva, or 
synovial fluid (Demerjian et  al. 2010). Protocols may involve SELDI-TOF or 
MALDI-TOF, or a FlowCytomix™ Multiple Analyte Detection System, as a bead-
based immunoassay system, which is perhaps better adapted to measure cyto-
plasmic content and is compatible with any commercial flow cytometer. 
FlowCytomix™ Simplex kits are individual bead sets for the detection of one specific 
analyte. Combinations of Simplex Kits allow you to create your own customized 
analytes panel for maximum flexibility.

2.1.2.2 � Osteoporosis in HIV+ and HIV/AIDS Adults

Early in the study of HIV/AIDS, observations were reported that described 
increased susceptibility of these patients to develop weak and fragile bones, 
decreased bone mineralization, and increased osteoporosis (Stephens et al. 1999; 
Weiel and Lenhard 2000; Guaraldi et al. 2001).

Patients with HIV-1 infection/AIDS are living longer due to the success of highly 
active antiretroviral therapy (HAART). In 2007, the Centers for Disease Control and 
Prevention in the United States reported that 16.8% of new diagnoses of HIV that year 
were in individuals aged over 50 years, compared to 15% in 2005. In 2005, one in four 
HIV-seropositive patients was older than 50 years of age. Within this decade, it is 
projected that over half of the HIV/AIDS population in the USA will be over the age 
of 50, and will suffer aging-related health threats such as cardiovascular ailments, 
dementia, decreased immune resilience, dyslipidemia, metabolic syndrome, diabetes, 
associated polypharmacy, and, pertinent to the discussion at hand, increased age-
related bone disorders, such as osteoporosis, osteopenia, avascular osteonecrosis, bone 
fragility, and bone fracture. Thus, serious metabolic complications, including decreased 
bone mineral density, increased osteoporosis, and consequential raised prevalence of 
bone loss and fractures, are becoming alarmingly common. Management of older 
adults with HIV and multiple comorbidities will increasingly present challenges to 
infectious diseases physicians and geriatricians alike (Mondy and Tebas 2003; Simone 
and Appelbaum 2008; Kearney et al. 2010; Ofotokun and Weitzmann 2010).

Clinical data show that decreased bone mineral density occurs more commonly in 
patients with HIV than in the general population, making the group of HIV-
seropositive men and women more susceptible to osteoporosis and consequential 
fragility fractures (Lin and Rieder 2007). Indeed, osteoporosis in HIV-infected persons 
is at least as prevalent as in postmenopausal women, yet this population is not listed 
in primary care guidelines as one that should be considered for screening (Clay et al. 
2008). Whereas, the role of antiretroviral therapy (ART) in the prevalence estimates 
of osteopenia and osteoporosis in HIV-infected patients was initially equivocal 
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(Brown and Qaqish 2006), the clinical evidence linking HIV-associated osteoporosis 
to direct infection and ART is now clearly established (Grund et al. 2009; Arora et al. 
2010). Despite these associations, however, no consistent drug-specific effect upon 
bone mineral density decline has been ascertained (Grund et al. 2009).

The pathogenesis or biological mechanism of these complications also remains 
elusive, although some research has remained enigmatic for the last decade, 
following it being established early on, as apparently independent from adipose 
tissue maldistribution, which is also common in these patients (Tebas et al. 2000). 
An osteoimmune hypothesis was proposed, which suggested that the proinflam-
matory cytokines TNF-a and IL-6, which are constitutionally produced in increased 
amounts in HIV-seropositive individuals, were involved because of the role we now 
know they play in osteoclast activation and resorption (vide supra) (Thomas and 
Doherty 2003). Moreover, data have shown significant induction of these cytokines 
responsible for osteoclast differentiation and bone resorption, as well as the 
RANKL, in peripheral blood mononuclear cells exposed in vitro to soluble HIV-1 
envelope glycoprotein gp120 under experimental conditions. Moreover, pharmaco-
logic concentrations of two protease inhibitors that are linked clinically to osteope-
nia, ritonavir and saquinavir, abrogate the cyto-physiological block to RANKL 
activity mediated by INF-g induced degradation of the RANKL signaling adapter 
protein, TRAF6 (tumor necrosis factor receptor-associated protein 6) in protea-
somes. By contrast, indinavir and nelfinavir, protease inhibitors that may promote 
or stabilize bone formation in vivo, had no effect on the RANKL system (Fakruddin 
and Laurence 2003). Taken together, these emerging lines of evidence give com-
pelling support for the role of osteoimmunology in HIV/AIDS.

We have ventured the hypothesis (Barkhordarian et al. 2011) that the ensemble of the 
osteoimmune responses and pathways that converge to the observed increased bone 
fragility and osteoporosis and a decreased bone mineral density in HIV-seropositive 
patients, and that may or may not – depending of the antiviral used – be exacerbated 
by ART, PI, and HAART, may be consequential in large part to the immune recon-
stitution inflammatory syndrome (IRIS), which is often a considerable problem in 
the treatment of HIV-infected patients. The rationale for our hypothesis rests on 
the observations that IRIS is characterized by flamboyant and significant activation 
of both innate and adaptive immune responses with elevation of body fluid 
chemokines and cytokines, including common markers of inflammation such as 
C-reactive protein, interferon-inducible protein 10,1 and IFN-g and that together 
signify innate and adaptive immune activation (Sereti et  al. 2010). IRIS+ HIV-
seropositive patients show higher frequencies of effector memory T cells positive 
for programmed death (PD)-1, a member of the extended CD28/CTLA-4 family 

1 Also known as the chemokine, C-X-C motif chemokine 10 (CXCL10), it is produced by several 
cell populations (e.g., myeloid, endothelial, lymphoid) in response to IFN-g. Recent evidence 
(Kwak et al. 2008) has implicated CXCL10 with a critical role in the infiltration of CD4+ T cells 
and F4/80+ macrophages into inflamed joints, leading to bone destruction. Since it contributes to 
the recruitment of inflammatory cells and is involved in bone erosion in inflamed joints, CXCL10 
is an emerging key factor in osteoimmunopathological interconnections.
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of T cell regulators, HLA-DR+, and Ki67+ in CD4+ T, and in regulatory T cells 
(Tregs, CD4+CD25+FoxP3+) cells than IRIS- HIV-seropositive patients. 
PD-1+CD4+ T cells in IRIS+ patients express increased levels of LAG-3, CTLA-4, 
and ICOS, and are driven to a TH1/TH17 cytokine profile when stimulated in vitro. 
Plasma levels of IRIS+ HIV-seropositive patients show marked elevation in IFN-g 
and IL-7, further suggesting that IRIS is predominantly CD4-mediated phenomenon 
directed to reconstituting effector and regulatory T cells (Antonelli et al. 2010).

A recent modeling study defined and characterized the prevalence of and pro-
gression to low bone mineral density in HIV-infected patients by means of linear 
regression and logistic polytomic regression analyses of data obtained from a 
longitudinal cohort study of HIV-seropositive patients (n = 671). The longitudinal 
analysis, aimed at identifying mixed and generalized estimating effects, relied on 
clinical assessments which consisted of at least one dual-energy X-ray absorpti-
ometry scan to determine the prevalence and progression of bone mineral density, 
and to establish related factors. Fifty eight percent of the patients actually had more 
than two such scans over the course of the study (median 2.5 years of observation). 
The cohort had a prevalence of decreased bone mineral density of 47.5%, and 
osteoporosis of 23%, and clinically relevant progression to bone demineralization 
was observed in 28% of the patients, 12.5% to osteopenia, and 15.6% to osteopo-
rosis, over the study period. Linear regression and logistic polytomic regression 
were used for the cross-sectional study and mixed effects and generalized estimating 
equations were used for the longitudinal study. The regression analysis identified 
key predictive variables:

Age, Odds Ratio (OR): 1.07; CI•	 95 = 1.05–1.08 (p < 0.0001).
Gender (male), OR: 2.23; CI•	 95 = 1.77–2.8 (p < 0.0001).
Low body mass index (i.e., cachexia, wasting syndrome), OR: 1.14; CI•	 95 =  
1.11–1.17 (p < 0.0001).
Duration of treatment with protease inhibitor, OR: 1.18; CI•	 95 = 1.12–1.24 
(p < 0.0001).
Duration of treatment with tenofovir (i.e., antiviral reverse transcriptase inhibitor), •	
OR: 1.08; CI95 = 1.03–1.14 (p < 0.0019).
Currently in protease inhibitors treatment arm, OR: 1.64; CI•	 95 = 1.35–2.04 
(p < 0.0001).

Taken together, these statistical findings support the importance of applying 
adequate strategies to prevent bone demineralization and close monitoring of aging 
HIV-seropositive patients, specifically in certain at-risk subgroups of patients 
(Bonjoch et al. 2010).

To be sure, similar relationships have been noted in younger groups of HIV-
seropositive patients, indicating that, whereas age is an exacerbating factor, primary 
HIV-1 infection is a causative factor in decreased bone mineral density. A cohort 
study of 33 young men (mean age ± standard deviation 38 ± 9) with primary HIV 
infection (mean plasma HIV RNA: 5.0 ± 1.2 log

10
 copies/mL, and matched for body 

mass index (22.7 ± 3.3) was followed longitudinally with regular a dual-energy 
X-ray absorptiometry of the lumbar spine, femoral neck and total hip, and with 
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clinical assessments for osteopenia and osteoporosis, defined by WHO’s criteria as 
T-scores between −1 and −2.5, and −2.5 or less, respectively. The analyses of this 
preliminary study demonstrated that prevalence of low bone mineral density and 
elevated osteoporosis in young men with primary HIV infection was associated 
with increased age, lower body mass index, and thyroid stimulating hormone levels, 
as well as with higher levels of HIV-1 viremia (Grijsen et al. 2010).

Whereas the literature largely converges on the finding that HIV-seropositivity 
carries with it increased risk of osteoporosis, the data in support of certain predictor 
variables is not absolutely homogeneous; case in point, the 2008 cross-sectional 
survey of 492 HIV-seropositive patients within the Aquitaine cohort. The polyto-
mous logistic regression confirmed the predictors of older age, homosexual trans-
mission group, low body mass index, and low HIV plasma viral load as significantly 
associated with the diagnosis of onset of bone abnormalities, such as decreased 
bone mineral density and increased osteoporosis and bone fragility in men. The 
analysis also showed that older age and low CD4 lymphocyte count nadir were 
independently associated with osteoporosis in HIV-seropositive women. In this 
study, the use of HAART was not found to be a significant predictor of osteoporosis 
after adjustment and stratification for the considered anthropometric parameters 
(Cazanave et al. 2008). Similarly, a study of a Slovenian HIV-seropositive cohort, 
while reported increased prevalence of osteoporosis among these patients in a range 
similar to that reported by others (i.e., prevalence among HIV-seropositive patients 
of prevalence of osteopenia: 47%, and of osteoporosis: 12%), ART, PI, or HAART 
were not found to be significant predictors for these clinical outcomes (Tomazic 
et al. 2007).

Alendronate appears to be a promising treatment option for HIV-seropositive 
patients with osteoporosis and osteopenia. Further research is required to determine 
the safety and efficacy of this and other available drugs. Consequently, concerted 
research efforts have converged toward the elucidation of bone ossification agents 
that may be considered for use in the treatment of osteoporosis and osteopenia in 
HIV-infected patients (Clay et al. 2008).

2.1.3 � Ankylosing Spondylitis

Ankylosing spondylitis (Gk: ankylos, = ankylos, bent; spondylos, = spondylos, 
vertebrae), was previously known as Bekhterev’s disease, or Bekhterev syndrome, 
as well as Marie–Strümpell disease. Ankylosing spondylitis is a form of spondy-
loarthritis, a chronic inflammatory arthritis that can lead to fusion of the spine. 
Complete fusion results in a complete rigidity of the spine, a condition known as 
bamboo spine (Fig. 2.3).

Ankylosing spondylitis belongs to a cluster of conditions known as seronegative 
spondyloarthropathies, in which the characteristic pathological lesion is an inflam-
mation of the enthesis (the insertion of tensile connective tissue into bone).
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Ankylosing spondylitis is a systemic rheumatic disease meaning it affects the 
entire body and is one of the seronegative spondyloarthropathies. Approximately, 
90% of AS patients express the HLA-B27 genotype, meaning that there is a strong 
genetic association. However, only 5% of individuals with the HLA-B27 genotype 
contract the disease. HLA-B27 a class I surface antigen encoded by the B locus in 
the major histocompatibility complex (MHC; cf., notes) on chromosome 6 and 
presents antigenic peptides (derived from self and nonself antigens) to T cells. 
TNF-a and IL-1 are also implicated in Ankylosing spondylitis. Autoantibodies 
specific for Ankylosing spondylitis have not been identified. Anti-neutrophil 
cytoplasmic antibodies (ANCA) are associated with Ankylosing spondylitis but 
don’t correlate with disease severity. ANCAs are a group of autoantibodies of the 
IgG type, which react against antigens in the cytoplasm of neutrophil granulocytes 
and monocytes, and detected in association with systemic vasculitis (aka, ANCA-
associated vasculitides). Over 95% of people that have been diagnosed with 
Ankylosing spondylitis are HLA-B27 positive, although this ratio varies from 
population to population (only 50% of African-American patients with Anky- 
losing spondylitis possess HLA-B27, and it is close to 80% among patients with 
Ankylosing spondylitis from Mediterranean countries). In early onset disease, 
HLA-B7/B*2705 heterozygotes exhibited the highest risk for disease.

The association of Ankylosing spondylitis with HLA-B27 suggests that the 
condition involves CD8 T cells, which interact with the MHC class I, B (HLA-B). 
It is not proven that this interaction involves a self antigen and at least in the related 

Fig.  2.3  Ankylosing spondylitis A condition that manifests as a form of chronic inflammatory 
osteoarthritis that can produce fusion of the spine, with consequential rigidity of the deformed spine.
Adapted from: idid.us/ankylosing_spondylitis_progression.jpg&imgrefurl

http://idid.us/ankylosing_spondylitis_progression.jpg&imgrefurl
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Reiter’s syndrome (reactive arthritis), which follows infections, the antigens 
involved are likely to be derived from intracellular microorganisms. There is, however, 
a possibility that CD4+T cells are involved in an aberrant way, since HLA-B27 
appears to have a number of unusual properties, including possibly an ability to 
interact with T cell receptors in association with CD4 (usually only T helper lympho-
cytes with CD8 reacts with HLA-B antigen as it is a MHC class 1 antigen).

The pathology mainly affects joints in the spine and the sacro-ilium in the pelvis. 
Ankylosing spondylitis belongs to the group of the spondyloarthropathies with a 
strong genetic predisposition, and a prognosis that courses quite as an autoimmune 
disease. The typical patient is a young adult male, aged 20–40. Symptoms of the 
disease first appear as chronic pain and stiffness in the lower part of the spine or 
sometimes the entire spine, often with pain referred to one or other buttock or the 
back of thigh from the sacroiliac joint.

Men are affected more than women by a ratio about of 3:1, with the disease 
usually taking a more painful course in men than women. In 40% of cases, 
Ankylosing spondylitis is associated with an inflammation of the eye (iridocyclitis 
and uveitis), causing redness, eye pain, vision loss, floaters, and photophobia. 
Another common symptom is generalized fatigue and sometimes nausea. Less 
commonly aortitis, apical lung fibrosis, and ectasia of the sacral nerve root sheaths 
may occur.

When the condition presents before the age of 18, it is relatively likely to cause 
pain and swelling of large limb joints, particularly the knee. In prepubescent cases, 
pain and swelling may also manifest in the ankles and feet, where calcaneal spurs 
may also develop. Pain is often severe at rest, but improves with physical activity. 
Concurrent inflammation and pain to varying degrees is common, regardless of rest 
and movement.

As noted above, there has been a longstanding claim that Ankylosing spondylitis 
arises from a cross-reaction between HLA-B27, and the organism’s ability to counter 
antigens of the Klebsiella bacterial strain (i.e., nonmotile, Gram-negative, oxidase-
negative, rod shaped bacteria with a prominent polysaccharide-based capsule of the 
Order of the Enterobacteriales); but, no cross reactivity with B27 has been found 
(and no specific antibody levels detected.

There is no direct test to diagnose Ankylosing spondylitis. A clinical examination 
and X-ray studies of the spine, which show characteristic spinal changes and sacro-
iliitis, are the major diagnostic tools. A drawback of X-ray diagnosis is that signs 
and symptoms of Ankylosing spondylitis have usually been established as long as 
8–10 years prior to X-ray-evident changes occurring on a plain film X-ray, which 
means a delay of as long as 10 years before adequate therapies can be introduced. 
Options for earlier diagnosis are tomography and magnetic resonance imaging of the 
sacroiliac joints, but the reliability of these tests is still unclear. The Schober’s test is a 
useful clinical measure of flexion of the lumbar spine performed during examination.

During acute inflammatory periods, patients with Ankylosing spondylitis will 
sometimes show an increase in the blood concentration of C-reactive protein and 
an increase in the erythrocyte sedimentation rate, but there are many with AS 
whose C-reactive protein and erythrocyte sedimentation rates do not increase so, 
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normal C-reactive protein and erythrocyte sedimentation rate results do not always 
correspond with the amount of inflammation a person actually has. The test is not 
specific however, patients with Ankylosing spondylitis can also show normal level 
results of these biomarkers while experiencing a significant amount of inflamma-
tion in their bodies.

Variations of the HLA-B gene increase the risk of developing Ankylosing 
spondylitis, although it is not a diagnostic test. Those with the HLA-B27 variant 
are at a higher risk than the general population of developing the disorder. HLA-
B27, demonstrated in a blood test, can occasionally help with diagnosis but in itself 
is not diagnostic of AS in a person with back pain.

In 2007, a collaborative effort by an international team of researchers in the 
U.K., Australia, and the United States led to the discovery of two genes, ARTS1 
and IL23R, that also contribute to the cause of AS. The findings were published in 
the November 2007 edition of Nature Genetics, a journal that emphasizes research 
on the genetic basis for common and complex diseases. Together with HLA-B27, 
these two genes account for roughly 70% of the overall incidence of the disease.

The Bath Ankylosing Spondylitis Disease Activity Index (BASDAI), developed in 
Bath (UK), is an index designed to detect the inflammatory burden of active disease. 
The BASDAI can help to establish a diagnosis of AS in the presence of other factors 
such as HLA-B27 positivity, persistent buttock pain which resolves with exercise, and 
X-ray or MRI evident involvement of the sacroiliac joints. It can be easily calculated 
and accurately assesses a patient’s need for additional therapy; a patient with a 
score of four out of a possible ten points while on adequate NSAID therapy is usually 
considered a good candidate for biologic therapy (van der Heijde 2004).

The Bath Ankylosing Spondylitis Functional Index (BASFI) is a functional 
index, which can accurately assess a patient’s functional impairment due to the 
disease as well as improvements following therapy. The BASFI is not usually used 
as a diagnostic tool but rather as a tool to establish a patient’s current baseline and 
subsequent response to therapy (Ruof and Stucki 1999; van der Heijde 2004).

No cure is known for Ankylosing spondylitis, although treatments and medica-
tions are available to reduce symptoms and pain. Normal occupations may be 
precluded by the symptoms of the disease.

Physical \therapy•	
Exercise•	
Physical therapy and/or exercise along with •	 medication

These are at the heart of therapy for Ankylosing spondylitis. Physiotherapy and 
physical exercises may be preceded by medical treatment in order to reduce the 
inflammation and pain, and are commonly followed by a physician. The goal pursued 
by this approach is based on the assumption that the movements will help in dimin-
ishing pain and stiffness. But, exercise per se may be contraindicated in an active 
inflammatory state, which could make the pain worse.

Some may require the help of walking aids such as a cane to help assist in 
balance and relieve some pressure on affected joints while walking and standing. 
Many patients with Ankylosing spondylitis find it very difficult to sit or stand for 
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prolonged periods of time which can even be about 20 min, therefore many need to 
alternate times of sitting and standing, as well as times of rest. Maintaining good 
posture may help reduce the likelihood of a fused or curved spine, which occurs in 
a significant percentage of diagnosed persons.

There are three major types of medications used to treat Ankylosing spondylitis.

•	 Anti-inflammatory drugs, which include NSAIDs such as ibuprofen, phenylbuta-
zone, indomethacin, naproxen, and COX-2 inhibitors, which reduce inflamma-
tion and pain. Opioid analgesics have also been proven by clinical evidence to 
be very effective in alleviating the type of chronic pain commonly experienced 
by those suffering from AS, especially in time-release formulations.

•	 Disease-modifying antirheumatic drugs (DMARD’s) such as ciclosporin, meth-
otrexate, sulfasalazine, and corticosteroids are used to reduce the immune system 
response through immunosuppression. These drugs are specifically used to 
reduce evidence of processes thought to underlie rheumatoid arthritis, such as a 
raised erythrocyte sedimentation rate, reduced hemoglobin level, raised rheuma-
toid factor level and more recently, raised C-reactive protein level. More recently, 
the term has been used to indicate a drug that reduces the rate of damage to bone 
and cartilage (Nandi et al. 2008).

•	 TNF-a blockers, that is TNF-a antagonists, such as etanercept, infliximab, and 
adalimumab (also known as biologics), are indicated for the treatment of and 
are effective immunosuppressants in Ankylosing spondylitis as in other autoim-
mune diseases. TNF-a blockers appear to be the most promising treatment, slowing 
the progress of Ankylosing spondylitis in the majority of clinical cases, helping 
many patients receive a significant reduction, though not elimination, of their 
inflammation and pain. They have also been shown to be highly effective in 
treating not only the arthritis of the joints but also the spinal arthritis associated 
with Ankylosing spondylitis. A drawback, besides the high cost, is the fact that 
these drugs increase the risk of infections. For this reason, the protocol for any 
of the TNF-a blockers includes a test for tuberculosis (like Mantoux or Heaf) 
before starting treatment. In case of recurrent infections, even recurrent sore 
throats, the therapy may be suspended because of the involved immunosuppres-
sion. Patients taking the TNFa medications are advised to limit their exposure 
to others who are or may be carrying a virus (such as a cold or influenza) or who 
may have a bacterial or fungal infection.

Unattended cases of Ankylosing spondylitis that are accompanied by dactylitis or 
enthesitis, especially when spine inflammation is not yet active, may result in a 
misdiagnosis of normal rheumatism. In a long-term undiagnosed period, osteopenia 
or osteoporosis of the Ankylosing spondylitis spine may occur, causing eventual 
compression fractures and a back “hump.” Typical signs of progressed Ankylosing 
spondylitis are the visible formation of syndesmophytes on X-rays and abnormal 
bone outgrowths similar to osteophytes affecting the spine. The fusion of the ver-
tebrae paresthesia is a complication due to the inflammation of the tissue surround-
ing nerves.

Organs commonly affected by Ankylosing spondylitis, other than the axial spine 
and other joints, are the heart, lungs, eyes, colon, and kidneys. Other complications 
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are aortic regurgitation, Achilles tendinitis, atrio-ventricular node block, and 
amyloidosis. Owing to lung fibrosis, chest X-rays may show apical fibrosis while 
pulmonary function testing may reveal a restrictive lung defect.

2.2 �Bone Tumors and Necroses

Bone tumors are abnormal growth of cells within the bone. They may be noncan-
cerous (i.e., benign) or cancerous (i.e., malignant). For example, osteochondromas 
are the most common noncancerous bone tumors, and occur most often in people 
during the growth spur between the ages of 10 and 20.

Although some bone tumors may remain asymptomatic for a relatively long 
period of time – up to years – due to their slow progression, most tumors of the 
bone present a rather characteristic panorama of symptomatology, which can be 
briefly outlined as:

Relative ease of bone fracture following slight injury or trauma•	
Pain, which increases at rest and at night•	
Occasionally, a mass or a swelling at the sensitive site•	

Taken together, these manifestations call for a more in-depth and aggressive 
diagnostic exploration, which will involve X-rays, bone biopsies, as well as bone 
scans and imaging studies (magnetic resonance imaging, MRI).

2.2.1 � Osteochondroma

Osteochondromas typically involve the bone and the cartilage tissues, and present 
near the end of a long bone, as benign capped-cartilage outgrowths, connected to 
bone by a stalk. They account for approximately 35% of benign bone tumors, and 
9% of all bone tumors, and are commonly referred to, in lay language, as a “bone 
spur,” and in academic circles as “osteocartilaginous exostosis.”

Exostosis is an osteochondropathy (i.e., disease of the bone and cartilage) that 
involves the process of formation of new bone on the surface of existing bone. 
It is most often accompanied by a sensation of pain that may range from mild and 
dull to sharp, constant, and debilitatingly severe pain. Fewer than 1% of osteo-
chondromas may progress to malignancy of the cartilage cap resulting in second-
ary chondrosarcoma. Hereditary multiple exostosis is an autosomal dominant 
condition associated with short stature, multiple osteochondromas, and asymmetric 
growth at the knees and ankles, which may lead to deformities, and there is 
evidence that mutations in these two genes are responsible for over 70% of the 
multiple exostosis cases. Although at the time of this writing the etiology of osteo-
chondromas remains to be elucidated, molecular analyses of the Exostosin 
(EXT)-1 and EXT2 genes indicate that mutations at these sites lead to multiple 
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osteochondroma (Heinritz et al. 2009). It is noteworthy to note that all members 
of this multigene family encode glycosyltransferases involved in the adhesion 
and/or polymerization of heparin sulfate chains at heparin sulfate proteoglycans, 
which play a key role in regulating chondrocyte proliferation and differentiation 
(Jennes et  al. 2009). The process of osteochondroma formation may originate 
from a herniation of a peripheral portion of the physis, possibly due to an idio-
pathic cause, or resulting from trauma, or perhaps even a perichondrial ring 
deficiency. At the site of the herniation, an abnormal extension of metaplastic 
cartilage responds to growth factors, which yields to exostosis by means of a 
zone of an initial lesion zone (osteochondroma, Stage I), followed by cell prolif-
eration, osteon columniation, hypertrophy, calcification, ossification (osteochon-
droma, Stage II), and aggressive local invasion (osteochondroma, Stage III) 
(Bovée 2008).

2.2.2 � Bone Malignancies

The principal malignant bone cancers include:

•	 Chondrosarcoma, a cartilage-based tumor that represents about 25% of primary 
bone cancers. From an oestoimmune perspective, it is interesting to note that 
immune factors seem to be intimately involved in the regulation of growth of 
these tumors as recent research has revealed that ADAMTS9, an important 
member of the disintegrin and metalloproteinase with thrombospondin motifs 
(ADAMTS) gene family, is strongly activated by IL-1b in both chondrosarcoma 
cells and human chondrocytes, via the molecular pathway recognized as the 
cytoplasmic 1 protein of the Nuclear Factor of Activated T cells (NFAT) family, 
NFATc1 (Northrop et al. 1994; Yaykasli et al. 2009), which may not be surprising 
when one considers that the transcriptional activity of NFATc1 is enhanced by 
the Pim-1 kinase (Rainio et  al. 2002), itself a regulator of hematopoietic cell 
growth and differentiation (Hammerman et  al. 2005), and a proto-oncogene 
implicated in a variety of human cancers, albeit not detectable in the HCS-2/8 
stable human chondrosarcoma cell line by the methodologies available in the 
1990s (Zhu et al. 1994). This ninth member of the ADAMTS family is endowed 
with aggrecan-degrading activity; aggrecan (aka, large aggregating proteoglycan, 
chondroitin sulfate proteoglycan-1) being, along with Type-II collagen, a major 
structural component of cartilage.

•	 Fibrosarcoma, a malignant tumor of the fibrous connective tissue and charac-
terized by immature proliferating fibroblasts and undifferentiated anaplastic 
spindle cells that can also involve the periosteum and the overlying muscle 
(approximately 5% of all primary bone sarcomas), whose cells produce neither 
bone nor cartilage, but collagen primarily. Bone lesions of fibrosarcoma are 
generally osteolytic, and osteoclast-mediated. Histiocytes, that is cells of the 
immune system located within connective tissue that engulf cellular debris and 
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pathogens, are also found (e.g., CD68+ monocytes/macrophages). In the 
osteoimmune context of the present discussion, it is important to note that 
fibrosarcoma cell-derived IL-1a has been noted to induce strongly cell-
mediated immunity in situ in a murine model, whereas fibrosarcoma cell-derived 
IL-1b counters this immune response (Marhaba et al. 2008). Indeed, the proin-
flammatory cytokine IL-1b strongly promotes tumor growth by inducing myel-
oid-derived suppressor cell and regulatory T cell (Treg, vide supra) expansion. It 
follows that IL-1a could efficiently support a fibrosarcoma tumor vaccination 
protocol, so long as myeloid-derived suppressor cell and Treg expansion medi-
ated by IL-1b is controlled by means other than the IL-1 receptor inhibitor, 
which is the preferential target of IL-1a (Weiss et al. 2009).

•	 Ewing’s sarcoma, named after the American pathologist James Ewing 
(1866–1943), is a relatively rare form of round-cell bone cancer, which affects 
the pelvis, the femur, the humerus, and the ribs predominantly of male teens and 
young adults, and which may shed cancer cells into surrounding soft tissues 
(Ewing 1919). Osseous Ewing sarcomas are thought to derive from a bone 
marrow of mesenchymal cell origin. Biopsies are typically positive for CD99, a 
marker typically found on immature T cell precursors (e.g., double negative 
CD4/CD8 thymocytes), but also involved in lipid-raft mobilization and 
concomitant enhancement of the earliest T cell receptor (TcR) signaling events 
that engage tyrosine phosphorylation of the TcRz chain and consequent 
enhancement of TcRz-mediated signal 1 (Oh et  al. 2007). Biopsies are also 
negative for the common leukocyte antigen, CD45, which suggests that the 
tumor may be evading surveilling immune cell populations (Bernstein et  al. 
2006). Taken together, this evidence, and the observation that patients with 
metastized Ewing sarcomas have significantly elevated proprotions and absolute 
numbers of immunosuppressive CD4+CD25+FoxP3+ regulatory T cells (Tregs) 
(Brinkrolf et  al. 2009), confirm an important role of cellular immunity in the 
metabolism of this bone malignancy.

•	 Osteosarcoma, is the most aggressive, and most common cancerous neoplasm 
arising from primitive transformed cells of mesenchymal origin that exhibit 
osteoblastic differentiation and produce malignant osteoid. It is the sixth leading 
cancer among adolescents, and afflicts 4–5% of the young adult population. It is 
also common among the aging population, and the aged. It is predominant in the 
metaphyseal region of tubular long bones (e.g., femur [60–70%], tibia, radius), 
although it also manifests in the maxilla and the mandible [7–10%]. The lesions 
are characterized by the presence of osteoid bone formation with or without 
calcification, pleomorphic actively growing cells, multinucleated osteoclast-like 
giant cells. The tumor can present as:

–– Stage I – rare, but including parosteal osteosarcoma or low-grade central 
osteosarcoma (excellent prognosis (>90%) with wide resection)

–– Stage II – determined by the site of the tumor (proximal tibia, femur, pelvis, 
etc.), the size of the tumor mass (in cm.), and the degree of necrosis from 
neoadjuvant chemotherapy (chemotherapy prior to surgery). Expressions of 
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p-glycoprotein, CXCR4-positive, or Her2-positive are predictive of distant 
metastases to the lung (prognosis dependent upon the time to metastasis, the 
locus of metastasis, and the extent of metastasis)

–– Stage III – lung metastates (prognosis is bleak [30% at best], and depends on 
the resectability of the primary tumor and lung nodules, the degree of necrosis 
of the primary tumor, and the number of metastases)

The incidence of osteosarcoma, as other bone cancers is higher in families with 
certain familial cancer syndromes. We have reported that the microenvironment of 
osteosarcomas is invaded by lymphocytes, and regulated by neuroendocrine-
immune feedback loops (Angeli et  al. 2002; Prolo et  al. 2003). Osteosarcoma-
invading lymphocytes exhibit signs of activation. The immune processes that are 
engaged within the malignant bone matrix involve the production of cytokines, 
which regulate the process of apoptotic programmed cell death. We explored the 
mechanisms by which apoptosis of osteosarcoma cells might be modulated by 
the neuroendocrine-immune system, and potential physiological implications 
(Prolo et al. 2003). Taken together, this evidence has yielded promising novel and 
cutting-edge avenues of immune interventions directed to this bone malignancy 
(Marina and Gorlick 2009).

In closing, it is important to note that, due in part to the lymphatic and blood 
circulatory supply to the bone, several malignancies metastize to bone. Such metas-
tases, while invading and involving the bone tissue, are not considered proper bone 
tumors. Multiple myeloma, for instance, often affects the bone, but is not considered 
a bone tumor, and so breast, kidney, lung, prostate, and thyroid cancers, which 
spread to the bone, particularly among the elderly, but are not bone cancers, per se.

2.2.3 � Osteonecrosis

Osteonecrosis has two distinct facets, which must not be overlooked: first, it must 
be understood that necrosis (and rebuilding) of bone is a normal physiological 
event; old bone is continuously reabsorbed and replaced with new bone, a process 
that ensures that the skeleton is strong and vigorous, and that an adequate balance 
of minerals is always maintained under check. Second, when the replacement of 
reabsorbed fails to occur, then a pathology ensues, that is characteristically referred 
to as osteonecrosis.

In brief, osteonecrosis, when not counterbalanced by new bone synthesis, is a 
disease. One among the principal reasons why new bone synthesis may not sus-
tain the rate of bone resorption is often found in physiopathological conditions 
that block, blunt, hinder, or prevent bone synthesis, while simultaneously baring 
the survival of existing bone components. For example, osteonecrosis occurs in 
situations where there is cellular necrosis intrinsic to the bone components due to 
interruption of the blood supply, and consequential deprivation of oxygen. 
Collapse of the bone structure ensues. A number of etiological causes have been 
presented, ranging from alcoholism, anemia, embolism, thrombosis, wanton 
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abuse of steroids, hypertension, radiation and bisphosphonates, particularly in the 
case of ostenecrosis of the mandible. An idiopathic etiology (no cause is found) 
is also possible.

Osteonecrosis is a sequential process, which recapitulates, in a certain sense, the 
very osteoimmune milieu we have been describing. Upon onset of the osteonecrotic 
process following anoxia, the hematopoietic cells, which are precursors to the 
blood cells, including the cells of the immune system, are the first cells to undergo 
necrosis, usually within 10–12  h. The bone cell populations we have discussed 
above, such as osteocytes, osteoclasts, and osteoblasts are more resistant to anoxia, 
and subsequently enter into irreversible necrosis. Within a 48-h span, these popula-
tions too have died. The bone marrow fat cells are the most resistant, and survive 
anoxia for up to 60–120 h.

Perfusion of oxygenated blood can arrest and repair osteonecrotic bone, provided 
the damage is not advanced. Repair of ischemic bone occurs first by means of an 
angiogenic process that permits the movement of undifferentiated mesenchymal 
cells from adjacent living bone tissue that grow into the dead marrow spaces, and, 
most importantly, access by macrophages and other phagocytic cells to degrade 
cellular debris. Healing of osteonecrotic tissue then proceeds to cellular differentia-
tion of the mesenchymal cells into osteoblasts or fibroblasts. The remaining inor-
ganic mineral contributes to the formation of the necessary framework for the 
establishment of new, fully functional bone tissue.

Related, but distinct to osteonecrosis, is the clinical condition characterized, not 
so much by necrotic death of the cellular components of bone, but by softening of 
the bones due to defective bone mineralization, consequential to Vit D deficiency, 
and any metabolic condition that may result in a defect in mineralization of the 
osteoid protein framework, a condition known as osteomalacia (Hu et al. 2010).

2.3 �Stomatological Osteoimmunopathology

2.3.1 � Osteonecrosis of the Jaw

It is probable that the first modern scholarly description of the pathology of 
osteonecrosis of the jaw can be traced to Bond’s treatise (Bond 1848) on dental 
medicine. It then was described with localized or generalized deep ache or pain, 
often initially of multiple mandibular sites, but did not manifest in individuals with 
good gingival health and apparently sound teeth and no abscess or suppuration. 
Today, it is clear that mandibular and maxillary osteonecrosis involve a pathologi-
cal process in the cancellous bone and bone marrow that results from bone infarcts 
and damage to the deeper portion of the cancellous bone mediated by a range of 
local and systemic factors. Cancellous bone is more prone to this pathology than 
cortical bone, because of its rather loose mesh-like structure, with spaces character-
istically filled with marrow tissue that is prone to hypoxia consequential to infarcts 
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deep in the tissue and leading to premature death by indiscriminate necrosis2 of the 
cells resident in the osteo matrix. Cell loss within the bone even in its mild or minor 
forms, creates an environment3 that is conducive to bacterial growth, local infec-
tion, and inflammation. In other words, while osteonecrosis of the jaw is not, per 
se, an infection or an infectious disease, it generally carries secondary low-level or 
severe bacterial infection and chronic nonsuppurative osteomyelitis.

Necrosis of the facial skeleton can be particularly painful due to trigeminal neu-
ralgia associated with the infection/inflammatory event as described earlier. So 
much so that it has earned a name for itself in the stomatological pathology literature 
as Neuralgia-inducing cavitational osteonecrosis. A typical pathological description 
of the condition reports a nutrient-starved necrotic bone or bone marrow with mani-
festation of a greasy, dead fatty marrow (wet rot), a very dry, sometimes leathery 
marrow (dry rot), or a completely hollow marrow space (osteocavitation).

Whereas it is not the focus of this writing to describe the etiology and pathology 
of this condition, it must be emphasized that a definitive symptom is the exposure of 
mandibular or maxillary bone through lesions in the gingiva that do not heal. Lesions 
may be consequential to dental work, tooth extraction, or other forms of trauma. 
Toxic agents, such as heavy metals (e.g., cadmium), nicotine, and acetaldehyde 
derived from alcohol metabolism have also been implicated as etiological agents for 
mandibular and maxillary osteonecrosis. Oral bisphosphonates,4 such as zoledronic 
acid, pamidronate and alendronate, risedronate, and ibandronate, increase the 
risk for osteonecrosis, perhaps interfering with matrix metalloproteinase-2, a 
zinc-dependent endopeptidase, which plays a critical role in cell-mediated immune 
surveillance (e.g., immune cell activation, proliferation, migration, differentiation), 
as well as other cell types.

Data suggest that nitrogen-containing bisphosphonates inhibit cytoplasmic 
farnesyl diphosphate synthase,5 and prevent prenylation of essential small GTPase 
signaling proteins. Thus, blunting the activity of farnesyl diphosphate synthase is 
associated with antitumor effects, as well as with the activation of gd-T cells, small 
subset of T cells6 found abundantly in the mucosal immune system and that seem 
to have a prominent role in the recognition of lipid antigens (Roelofs et al. 2006). 
Emerging evidence further indicates that in addition to their effects on bone 
pathology, bisphosphonates are endowed with anticancer activity. These effects 

2 Note: indiscriminate necrosis signifies that osteoclasts also die by necrosis; thus, necrotic bone 
does not show signs of bone resorption.
3 Anatomists talk about “danger spaces,” that is spaces either in normal or in pathological anatomy 
that bacteria can invade and where they can expand with no or little immune surveillnce.
4 Biphosphanates are drugs with two phosphonate groups (PO

3
) that are used to prevent the loss of 

bone mass in osteoporosis and similar diseases, in that they inhibit bone resorption by osteoclasts.
5 An enzyme of the mevalonate pathway.
6 This subset has been referred to as the “first line of defense,” “regulatory cells,” or “bridge 
between innate and adaptive responses,” because the can both act as T cells (i.e., rearrange TCR 
genes to produce junctional diversity and will develop a memory phenotype), and innate immune 
cells (Holtmeier and Kabelitz 2005).
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appear to be mediated via the osteoimmune TNF-a pathway, and to involve the 
RANKL/OPG axis (Green and Clézardin 2010).

2.3.2 � Temporomandibular Disorders

The term “temporomandibular joint disorder (TMD)” is a generic term used to refer 
to a syndrome of TMJ malfunctions and symptomatologies, which arise from acute 
or chronic inflammation of the TMJ. That is to say, TMD is the osteoimmune 
pathology par excellence in the head and neck region generally speaking and within 
the anatomical region defined as the stoma in particular.

The TMJ is susceptible to many of the conditions, which were discussed above, 
that bridge the domains of osteology and immunology, and that therefore affect any 
other joints in the body, including ankylosis, arthritis, trauma, dislocations, devel-
opmental anomalies, and neoplasia. Moreover, the TMJ syndrome and resultant 
dysfunction can result in significant pain and functional impairment. In addition, 
and because of the intimate anatomical relationships within the domain of the TMJ, 
which were discussed earlier (vide supra), the TMJ disorder complex transcends 
the boundaries between dentistry, immunopathology, physiology, clinical anatomy, 
and neurology, to cite a few.

Signs and symptoms of the TMJ syndrome disorder can vary in their presenta-
tion, and severity; they can be very complex or exceedingly simple to recognize and 
to interpret. They may involve one or several components of the TMJ:

•	 Muscles of mastication: There are four paired muscles of mastication, which 
are all innervated by branches of the anterior/motor root the mandibular branch 
(V3) of the trigeminal nerve, and are supplied by branches of the maxillary 
artery, because of their shared embryological origin from the first branchial 
arch. These muscles originate on the skull and insert into the mandible, thereby 
allowing for jaw movements during contraction. While accessory muscles (e.g., 
tongue) participate in the several functions of the jaw, the four primary muscles 
of mastication are:

The –– masseter for the elevation and protraction of the mandible, and antago-
nized by the platysma muscle: a thick, somewhat quadrilateral muscle, con-
sisting of two parts: the larger superficial portion, which arises as a thick, 
tendinous aponeurosis from the zygomatic process of the maxilla, and from 
the anterior two-thirds of the lower border of the zygomatic arch, and whose 
fibers course downward and backward, to be inserted into the angle and lower 
half of the lateral surface of the ramus mandible, and the smaller and deep 
portion, which arises from the posterior third of the lower border and from the 
entire medial surface of the zygomatic arch, and its fibers course downward 
and forward, to be inserted into the upper half of the ramus and the lateral 
surface of the coronoid process of the mandible. The deep aspect of the 
masseteric muscle lies medial to, and is thus concealed in a frontal 
approach, by portions of the superficial portion anteriorly, and the parotid 
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gland posteriorly. It is supplied by the masseteric artery, the second inferior 
branch of the middle maxillary artery, as it runs laterally through the man-
dibular notch to the deep surface of the muscle.
The –– temporalis for the elevation and retraction of the mandible and antago-
nized by the platysma muscle: the muscle that can be seen on the temples and 
felt contracting while the jaw is clenching and unclenching, and which is 
covered by the temporal fascia (i.e., temporal aponeurosis), arises from the 
temporal fossa and the deep part of temporal fascia, passes medial to the 
zygomatic arch, and inserts onto the coronoid process of the mandible. It is 
supplied by the anterior and the posterior deep temporal arteries, superior 
branches of the middle maxillary artery, and is innervated by the deep 
temporal nerves that are branches from V3. Retraction of the mandible is 
brought about by the horizontal fibers in the posterior aspect of the temporalis. 
The sphenomandibularis fibers attach to the sphenoid bone and the mandible, 
as integral part of the temporalis.7

The –– medial (internal) pterygoid for elevation and protrusion of the mandi-
ble, closure of the jaw, and participation in side motion of the jaw: a thick, 
quadrilateral muscle that consists of two heads: the deep head from the 
medial side of lateral pterygoid plate behind the upper teeth, and the super-
ficial head from the pyramidal process of palatine bone and maxillary 
tuberosity. Together the fibers run inferiorly, laterally, and posteriorly to 
insert strong tendinous lamina into the infero-posterior aspect of the 
medial surface of the ramus and angle of the mandible, as high as the 
mandibular foramen. The medial pterygoid is innervated by the medial 
pterygoid branch of the anterior/motor root of the mandibular branch of 
the trigeminal nerve. This nerve is important in the deep face, not only 
because it also innervates the tensor tympani in the tympanic cavity, and 
the tensor veli palatini, the only of the five paired skeletal muscles to the 
soft palate muscle not innervated by the pharyngeal plexus, but also 
because fibers of the medial pterygoid nerve project to the parasympa-
thetic otic ganglion8 located inferior to the foramen ovale in the infratem-
poral fossa. The muscle is supplied by an irregular number of pterygoid 
branches of the middle portion of the maxillary artery.

7 Those fibers were reported in the 1990s, and reported as a putative fifth muscle of mastication 
(Dunn et al. 1996). This scientific communication was retrieved in 2008, as it had become clear 
that the fibers were part of the temporalis.
8 The otic ganglion projects sympathetic postganglionic fibers that contribute to the plexus 
surrounding the middle meningeal artery. Preganglionic parasympathetic fibers reach the otic 
ganglio via the glossopharyngeal nerve, and to a smaller extent via the facial nerve, as the lesser 
petrosal nerve continued from the tympanic plexus. The ganglion–postganglionic parasympathetic 
fibers course with sympathetic fibers mainly in the auriculotemporal nerve to supply the parotid 
gland (secretomotor).

N.B.: A slender filament (sphenoidal) ascends from it to the nerve of the Pterygoid canal, and a small 
branch connects it with the chorda tympani, and is connected by two or three short filaments with the 
nerve to the Pterygoideus internus, from which it may obtain a motor, and possibly a sensory root.
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The –– lateral (external) pterygoid for depression and protrusion, and side-to-
side motion of the mandible: the sole muscle whose function is to open the 
jaw through protraction of the condylar processes along the articular emi-
nences; the beginning of this action is aided by the accessory muscles of 
mastication, the digastric, mylohyoid, and geniohyoid muscles. The lateral 
pterygoid also consists of two heads: the superior head originates on the 
infratemporal surface and infratemporal crest of the greater wing of the sphe-
noid bone, and inserts onto the articular disc and fibrous capsule of the tem-
poro-mandibiular joint. The inferior head arises from the lateral surface of the 
lateral pterygoid plate, and inserts onto the pterygoid fovea under the condy-
lar process of the mandible. Innervation is provided by the lateral pterygoid 
nerve (aka, external pterygoid nerve), a branch of the maxillary (V2) or sepa-
rately from the anterior division of the mandibular (V3) nerves, in conjunction 
with the nerve to the buccinator.9 The same pterygoid branches of the middle 
maxillary artery supply the internal and the external pterygoid muscles.

•	 Innervation10: As noted above, branches of the trigeminal, and projection to 
related ganglion within the deep face or the central nervous system – including 
rather distally related physiological correlates (e.g., vagal reflex, nausea) 
contribute to the complex innervation pattern of the TMJ. Sensory and motor inner-
vation, as well fibers projecting to and from the autonomic ganglia, with sympa-
thetic and parasympathetic components, highlight the complexity of the normal 
physiology of the TMJ, as well as the multifaceted proximal and distal patho-
logical sequelae11 related to TMJ dysfunction, from impaired speech and 

9 The paired buccinators muscles are accessory muscles of mastication because they pull back the 
angle of the mouth and to flatten the cheek area, which aids in holding the cheek to the teeth during 
chewing. The fibers originate anteriorly from the outer surfaces of the alveolar processes of the maxilla 
and mandible at the three molar teeth, and posteriorly, from the anterior border of the pterygoman-
dibular raphé that separates it from the constrictor pharyngis superior. The fibers course to converge 
toward the angle of the mouth and intersect each other with the orbicularis oris. Motor innervation is 
from the buccal branch of the facial nerve (VII), and sensory innervation is from the buccal branch of 
V3. It is supplied by the buccal artery, the last branch of the middle maxillary artery.
10 Inflammation at the TMJ proximal to the branches of the trigeminal (e.g., auriculotemporal 
nerve) may produce swelling and compression of said nerve, with consequential damage to the 
trigeminal nerve, constant or acute pain even without movement of the jaw, as well as a myriad of 
physiopathological manifestations (vide infra).
11 Often mediated by retro-grade transport signaling to the gasserian nucleus (aka, trigeminal 
ganglion, gasserian ganglion), the sensory ganglion of the trigeminal nerve (CN V) in the Meckel 
cavity within the dura mater that covers the trigeminal impression near the apex of the petrous part 
of the temporal bone. Its motor root courses antero-medial to the sensory root, and inferior to the 
ganglion, thus leaving the skull through the foramen ovale; immediately below this foramen, it 
joins the mandibular nerve. From the ganglion convex border, three large nerves proceed, the 
ophthalmic (V1), maxillary (V2), and mandibular (V3) trigeminal nerves, of which V1 and V2 are 
exclusively sensory, and V3 is joined outside the cranium by the motor root. Animal research has 
shown that the trigeminal ganglion projects to trigeminal brain stem areas (principalis, spinal 
trigeminal nucleus, interpolaris, and caudalis), which supports the possibility of far-ranging 
systemic complications of TMJ dysfunction (Demerjian et al. 2010).
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mastication, to tenderness and pain at the joint, to migraine, muscle spasms, 
dyskynesia and dystonia, and others.

•	 Ligaments: The temporomandibular ligament is the major ligament of the TMJ, 
and consists of the thickened lateral aspect of the capsule, with a distinct outer 
oblique portion, and an inner horizontal portion. Its primary function is to define 
the farthest extents of movements, of the mandible minor ligaments that are 
accessory to the TMJ include:

The –– stylomandibular ligament (styloid process to the angle of the mandible), 
which separates the infratemporal region anteriorly from the parotid region 
posteriorly.
The –– sphenomandibular ligament (spine of the sphenoid bone to the lingula of 
mandible).
The –– oto-mandibular ligaments (i.e., disco-mallear12 and malleo-mandibular 
ligaments) that conjoin the malleaus bone of the middle ear with temporo-
mandibular joint.

•	 Bones: clearly one among the principal etiologic factors of TMJ disorders involve 
degenerative joint inflammation-induced disease, such as osteoarthritis or organic 
degeneration of the articular surfaces, recurrent fibrous and/or bony ankylosis, 
tumor, bone necrosis, or developmental abnormality, as discussed in this writing.

•	 Teeth: Impaired tooth mobility and tooth loss can be caused by destruction of the 
supporting bone (e.g., often consequential to osteoporosis) and by heavy forces 
being placed on teeth, such as that applied by involuntary clenching and grind-
ing13 during psycho-emotional stress. The movement of the teeth affects how 
they contact one another when the mouth closes; the equilibration of forces of 
mastication and therefore the displacements of the condyle, and the overall rela-
tionship between the teeth, muscles, and joints can be altered in TMJ disorders. 
Inflammation of the inner core of the tooth (aka, pulpitis) also may result from 
excessive surface erosion due to grinding and bruxism. Often TMJ disorders 
may be consequential to dental treatment that required extraction of the wisdom 
teeth or back molars, thus precluding adequate support of the teeth onto each 
other upon closing the mouth, and consequential strain on the joint ligament and 
musculature. Such situations are not uncommon in edentulous patients whose 
dentures must be finely adjusted to provide support. A similar situation occurs 
generally in the aging middle-age population, as normal wear and tear of the 
teeth surface, and age-related bone resorption (vide supra) may contribute to a 

12 Described within the last 15 years: Rodríguez-Vázquez et al. (1998); Rowicki and Zakrzewska 
(2006).
13 i.e., Bruxisms – an oral parafunctional diurnal and noctural activity that occurs in most humans 
at some time in their lives, and that may, when it occurs during sleep, lead to major of health 
issues, even if it occurs during short naps, from common sleep disorders, to sleep apnea and 
consequential cardiovascular ailment, possibly dementia praecox, parkinsonian-like symptoms, 
dystonia and dyskenesia, etc.
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shortening of the vertical dimension of the aperture of the jaw, and overly tense 
neuromuscular activity of the TMJ structures as outlined earlier (vide supra)

•	 Ear:  balance, auditory sensations, including hearing loss or tinnitus, the percep-
tion of sound within the human ear in the absence of corresponding external 
sound.

The symptomatology of TMJ disorder might invoke manifestations such as:

Biting or chewing difficulty, discomfort or pain•	
Clicking, popping, or grating sound•	 14 when opening or closing the mouth, 
impaired movement of the jaw (e.g., difficulty in closing the mouth)
Dull, aching pain in the jaw, face, ear (i.e., otalgia), neck or shoulders •	
(e.g., fibromyalgia, myofascial pain dysfunction syndrome)
Morning headache and migraines (particularly in the morning)•	

These and other neurological disorders, including dystonias, and Parkinson’s dis-
ease, which are common in aging adults, may find a common etiology in TMD. One 
possible mechanism involves the innervation about the articulation of the joint itself. 
Demerjian et al. (2010) proposed an interesting model, by which the auriculotemporal 
nerve, a branch of the mandibular nerve, which innervates the temporomandibu-
lar joint and courses to the tympanic membrane and anterior cochlear surface 
and neighboring tissues, may play a critical role. Auriculotemporal nerve fibers 
project to the sympathetic otic ganglion. Clenching, grinding, trauma, bone loss, 
and stress can change the jaw bite, and decrease its vertical dimension. 
Subsequent irritation and compression of the auriculotemporal nerve can occur, 
with associated paresthesia, pain, and discomfort. Symptoms can be local and 
specific (e.g., TMD), as well as varied and systemic (e.g., neurologic, dystonic 
and neuromuscular disorders, including tremors, muscle spasms leading to impaired 
and awkward positional control of the head, hands, other extremities, speech 
impairment, incontinence, impaired sleep, associated depressive symptomatol-
ogy) (Demerjian et al. 2010).

Clinical intervention, aimed at changing the maxillomandibular occlusal rela-
tionship by changing the vertical dimension of the patient’s jaw bite, may relieve 
auriculotemporal compression and associated irritation, and lead to resolution of 
the clinical symptoms (Demerjian et al. 2010).

Radiographic, arthrotomographic, and histologic data show the anatomic relation-
ship between the joint components and the different nerves running in the vicinity of 
the joint. The intimate anatomical relationship of the auriculotemporal nerve and the 
superficial branches of the temporal artery contributes to the source of migraine head-
aches and other referred pains in certain patients with TMD (Demerjian et al. 2010).

14 Note: This is characteristic of TMJ disorders, and is due to a dysfunctional relationship between 
the condyle of the mandible and the articular disc. The sounds produced by this dysfunction are 
termed “clicks” or “pops” when a single sound is heard, and “crepitation” or crepitus (Lt., rattle, 
crackilng) when sounds are multiple or rough in nature.
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At the posterior border of the lateral pterygoid muscle, the nerve trunk is in 
direct contact with the condylar neck, thus being at risk of injury as occlusion of 
the temporomandibular joint is altered by bone loss, trauma, grinding, and other 
pathological etiologies. Indeed, in most cases, the auriculotemporal nerve may be 
close to 10.0–1.5 cm inferior to the superior surface of the condyle and a few mm 
posterior to the neck of the condyle, thus in an anatomical location that position that 
is at high risk for entrapment with adjacent tissues. When the auriculotemporal 
nerve courses between the condyle and the temporal bone glenoid fossa wall, the 
risk of mechanical compression during medial synovial disc displacement is 
increased, and with it the associated pain with temporomandibular joint movements 
(Demerjian et al. 2010).

Additional disaggreable sensations may project to the terminal area of distri-
bution of the nerve branches in the vicinity of the joint, ranging from the ear, 
temple, cheek, tongue, and teeth, and beyond the head and neck proper. Systemic 
exacerbations of pathologies of the AT branch of the trigeminal nerve typically 
arise as manifestations of the trigeminal reflex, which involves the Gasserian 
nucleus (or ganglion):

The •	 trigemino-cardiac reflex presents as parasympathetic dysrhythmia, sympa-
thetic hypotension, apnea, or gastric hypermotility, consequential to the stimula-
tion of any of the sensory branches of the trigeminal nerve.
Involvement of the •	 Gasserian ganglion leads to the mechanical stimulation of 
all the central and peripheral branches of the trigeminal nerve.
Patients may develop severe bradycardia, asystole, and arterial hypotension, •	
and other cardiovascular symptoms, which subside almost immediately with 
cessation of the stimulus.
Patients may also manifest a spectrum of •	 neurologic disorders as well as multi-
synaptic neck muscle withdrawal responses, mediated by neural circuits at 
brainstem level, and absent or impaired in patients with Parkinson’s disease or 
progressive supranuclear palsy, putatively because of a degeneration of brain-
stem neural structures.

2.3.3 � Fanconi Anemia

Significant alterations in the bone marrow are among the clinical manifestations of 
note in Fanconi15 anemia. This condition results from a genetic defect in a cluster 
of proteins responsible for DNA repair, and thirteen genes have been identified 
whose mutations lead to Fanconi anemia: FANCA, FANCB, FANCC, FANCD1, 

15 The condition, which now carries his name, was originally described as hereditary panmyelopathy 
with short stature and hyperpigmentation by the Swiss pediatrician Guido Fanconi (1892–1979). 
Whereas the incidence of the disease is relatively rare (1/350,000), Ashkenazi Jews (1/90) and 
Afrikaners in South Africa are at high risk.
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FANCD2, FANCE, FANCF, FANCG, FANCI, FANCJ, FANCL, FANCM and 
FANCN. At least eight of these proteins, FANCA, -B, -C, -E, -F, -G, -L, and -M, 
assemble to form a core protein complex in the nucleus. Assembly is activated by 
replicative stress, DNA damage, or reactive oxygen species. FANCA and FANCG 
multimerize when the cell experiences such oxidative stress-induced damage. 
Following assembly, the protein core complex activates FANCL protein, an E3 
ubiquitin-ligase that monoubiquitinates FANCD2 into FANCD2-L, which interacts 
with the BRCA1/BRCA2 complex. Alternatively, through ionizing radiation, 
FANCD2 can be phosphorylated by protein complex ATM/ATR, thus altering 
S-phase checkpoint control (Taniguchi and Dandrea 2002; Yuan et al. 2010).

Patients with Fanconi anemia are at increased risk for cancer, and more specifi-
cally acute myelogenous leukemia.16 Nine out of ten patients with Fanconi anemia 
develop bone marrow failure, and consequentially manifest the inability to produce 
blood cells from hematopoietic precursors. Patients also suffer from a spectrum of 
congenital defects, commonly short stature (i.e., impaired bone growth), abnor-
malities of the skin, arms, head, eyes, kidneys, and ears, and other developmental 
disabilities (Yamashita and Nakahata 2001).

The expression of the transcription factor Fanconi anemia zinc finger protein 
(FAZF17), closely related to the transcription factor promyelocytic leukemia zinc 
finger protein (PLZF), itself composed of an N-terminal BTB/POZ and C-terminal 
zinc finger motifs, as an upstream factor of CBFA1 (Runx2/core-binding factor-1),18 
is increased by BMP-2 in human mesenchymal stem cells. That observation strongly 
suggests that FAZF modulates the regulation of osteoblastic differentiation via the 
BMP-2 pathway (Ikeda et al. 2007).

16 Cancer endogenous to the bone marrow that affects the myeloid line of hematopoietic precursors 
cells, from which arise both osteoclasts and monocyte/macrophages, as well as red blood cells and 
platelets. Patients with this form of cancer evince a symptomatology that includes bone and joint 
pain, and increased risk of infection, as well as fatigue and other “sickness behaviors” associated 
with impaired innate immunity, and shortness of breath, easy bruising, and bleeding.
17 Also denoted Zinc finger and BTB domain-containing protein-32, because it is a protein that in 
humans is encoded by the ZBTB32 gene.
18 CBFA1 is a key transcription factor associated with osteoblast differentiation and skeletal 
morphogenesis. As a member of the RUNX family of transcription factors, it has a Runt DNA-
binding domain. It contributes to the scaffold for nucleic acids and regulatory factors involved in 
skeletal gene expression.
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3.1 �The State of the Art

3.1.1 � Research Synthesis

We began this monograph by citing an Evidence Report Publication (No. 07-E012) 
of the Agency for Healthcare Research and Quality (AHRQ). AHRQ plays a 
leadership role in the evolution of the field, from fundamental methodological 
issues to the design, establishment, verification, and dissemination of Registries. 
AHRQ defines Registries as: “… (a) patient registry is an organized system that 
uses observational study methods to collect uniform data (clinical and other) to 
evaluate specified outcomes for a population defined by a particular disease, 
condition, or exposure, and that serves one or more predetermined scientific, 
clinical, or policy purposes… registries (are) created for one or more of the fol-
lowing purposes: to describe the natural history of disease, to determine clinical 
effectiveness or costeffectiveness of health care products and services, to measure 
or monitor safety and harm, and/or to measure quality of care….(and) are classi-
fied according to how their (patient) populations are defined…” (Gliklich and 
Dreyer 2010).

As important as defining what is meant by a registry in the context of evidence-
based and comparative effectiveness, decisions are the criteria by which we might 
evaluate the reliance of any given registry for that purpose. Here again, AHRQ sets 
the tone, as it were, and states in no uncertain terms: “…although registries can 
provide useful information, there are levels of rigor that enhance validity and make 
the information from some registries more useful for guiding decisions than the 
information from others. The term “quality” can be applied to registries to describe 
the confidence that the design, conduct, and analysis of the registry can be shown 
to protect against bias and errors in inference – that is, erroneous conclusions drawn 
from a registry….” (Gliklich and Dreyer 2010).

Chapter 3
Translational Evidence-Based  
Interventions in Osteoimmunology
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In evaluating the quality of registries for evidence-based and comparative effective-
ness analyses, it may behoove the decision-maker to consider that the quality of a 
registry may be quantified from either of two fundamentally different vantage points:

•	 Basic elements of good practice: for example, a checklist that should be considered 
for all patient registries.

•	 Potential enhancements to good practice: viewed as the potential to strengthen 
the yielded information value in particular circumstances.

As the Gliklich and Dreyer (2010) report concludes: the validation, utility and use 
of a registry will depend largely upon the clinical problem and the patient popula-
tion it serves (i.e., disease area), the type1 and purpose2 of the registry, and feasi-
bility (i.e., concern of efficacy) and affordability (i.e., concern for cost-effectiveness). 
It is necessary, at this juncture, that we clarify the process and use of such registries 
and evidence reports.

First and foremost, it must be noted that the incorporation of “evidence reports” 
in the context of osteoimmunology and osteoimmunopathology reflects the integra-
tion of two sciences: the science of osteoimmune interactions and pathologies, as 
we have discussed up to this point, and the science of research synthesis for obtain-
ing the best available evidence. Evidence reports, which are also referred to as 
evidence reviews in some circles,3 state and summarize the process of research 
synthesis that yielded the best available evidence for treatment of a given condition 
(Chiappelli 2010) (Fig. 3.1).

Research synthesis follows the scientific process (research question/hypothesis – 
design and methodology – data analysis – inference), and can be outlined as follows:

•	 Statement of the research question: the question is crafted based on descriptors of:

The clinical problem and patient population (P)––
The clinical interventions (I) under––
Consideration/comparison/contrast (C)––
Clinical outcome (O) of interest: PICO. The PICO question may undergo minor ––
changes and alterations, as per the specific research question, it may examine a
Predictive (P), rather than a comparative model (hence, PIPO); or it may incorporate––
Elements of time (T)––
Settings (S) (hence, PICOTS, PIPOTS)––

In all instances, the research synthesis process starts by the statement of 
the  research synthesis question along the cardinal domains just mentioned. 
The research question, as is the case in any scientific process of inquiry, when 

1 “…for example, product registries include patients who have been exposed to biopharmaceutical 
products or medical devices. Health services registries consist of patients who have had a common 
procedure, clinical encounter, or hospitalization. Disease or condition registries are defined by patients 
having the same diagnosis, such as cystic fibrosis or heart failure…” (Gliklich and Dreyer 2010).
2 For example, the purpose of registries may include “…internal, external, or historical comparison groups 
in order to strengthen the understanding of whether the observed effects are indeed real and in fact 
different from what would have occurred under other circumstances…” (Gliklich and Dreyer 2010).
3 AHRQ, for example, refers to evidence reports; whereas the American Dental Association, for 
instance, uses the term evidence reviews.



Fig. 3.1  The research synthesis process. The figure details the research synthesis as it begins from the 
patient’s clinical situation. The clinical case is translated into a specific research question that specifi-
cally describes the patient’s condition and history (P), the clinical interventions (I) under consideration 
(C), the clinical outcomes (O) under consideration in a given contextual framework of time (T), and 
clinical (or other) settings (S) (i.e., PICOTS). The figure also indicates how the PICOTS elements drive 
the search of the available peer-reviewed and “gray” literature, and the extent to which this process, 
which is aided by multiple search engines, is refined and made specific by means of inclusion/exclusion 
criteria that serve to define precise medical subject heading (MeSH) keywords. As the process continues, 
the available evidence that specifically responds to the PICOTS study question is examined for the level 
and the quality of the evidence by established and validated instruments, such as, the revised Wong 
scale (R-Wong) for fundamental studies, and the revised AMSTAR (R-AMSTAR) for systematic 
reviews. The quantification of the quality of the evidence permits acceptable sampling analysis and the 
extraction of the data from the individual reports permits, following heterogeneity/homogeneity testing, 
meta-analysis with fixed effect, or random effects inferences. Quality of the evidence data also converge 
into the analysis based on the expanded GRADE (Ex-GRADE), which congeals quantification of the 
quality of the evidence and of the strength of the clinical recommendations. Thus, is obtained both a 
qualitative and a quantitative consensus statement of the best available evidence specifically directed 
to respond to PICOTS. The figure also indicates how this best available evidence is then used in a 
logic-based clinical decision-making framework to provide the patient with optimally personalized 
efficacious treatment intervention in an evidence-based practice context. Alternatively, the best avail-
able evidence can be utilized in a utility-driven decision-making process to ascertain the most effec-
tive treatment intervention from the perspective of cost, benefit, and risk ratios. The design proposed 
in the figure lays the foundation for systematic reviews that can build on each other as the scientific 
literature continues to expand, while always retaining stringent checks and balances criteria. By this 
approach, systematic reviews of systematic reviews will be elaborated that will retain the three essen-
tial criteria of: (a) perusing all of the available evidence, (b) retaining the best evidence, in quantifiable 
and statistically analyzable terms, and (c) hinging on clinical relevance. The figures argues that these 
clinically relevant systematic reviews of systematic reviews, called “clinically relevant complex sys-
tematic reviews,” increasingly find a place of prominence in osteoimmunology
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stated in the affirmative mode – rather than in the inquisitive mode – becomes 
the hypothesis. That is to say, as in any other investigational pursuit that follows 
the scientific process, research synthesis is hypothesis-driven.

•	 Methodological issues are critical in research synthesis, as they are in any other 
research endeavor in science, in order to obtain the best available evidence. 
Methodological issues include: the sampling process, the measurement process, 
as well as selection bias and systematic errors.

The –– sample under study in research synthesis is not made of human subjects, 
animals, or cells in culture. Rather, the sample of a piece of research synthesis 
is the research literature itself. The research literature can be published or not 
published. The latter is often excluded, in part because it is exceedingly difficult 
to obtain in a valid and reliable manner, and in part because it has not been sifted 
through the widely accepted peer-review process. The former consists of two 
primary domains: the literature published following peer-review, and the litera-
ture available through the proceedings of scientific meetings, dissertations, and 
nonpeer-reviewed journals. The latter is termed “gray literature,” and is most 
often excluded from research synthesis endeavors. That is to say, the research 
synthesis is most often focused, otherwise indicated, on the peer-reviewed litera-
ture. The search for that sample is obtained by utilizing the medical subject 
headings (MeSH terms) and keywords that can be derived from the PICO question 
– hence, the quality of the PICO question determines the quality of the sample. 
The search is actualized by accessing the National Library of Medicine 
(Pubmed-Medline, http://www.ncbi.nlm.nih.gov/pubmed), and usually at least 
two other search engines (e.g., Cochrane,4 http://www.cochrane.org; Bandolier; 
http://www.jr2.ox.ac.uk/bandolier; EMBASE, http://www.embase.com; Center 
for Review Dissemination; http://www.york.ac.uk/inst/crd; google scholar; etc.). 
The purpose of the multiple search is to ensure comprehensive inclusion of all 
of the available literature, the bibliome, within the confines of the inclusion/
exclusion criteria dictated by the research synthesis process, while at the same 
time minimizing as much as possible dangers of selection bias5 and systematic 
sampling errors.

4 The interested reader is advised to get on the mailing list of the Cochrane journal club (http://
www.cochranejournalclub.com).
5 Some degree of selection bias is unavoidable because of the very nature of our peer-review system. 
For example, a certain degree of publication bias cannot be avoided simply because, as a general 
rule, papers that are statistically significant, whether they demonstrate clinical relevance or not, tend 
to be prefentially published in the scientific literature, compared to reports that demonstrate clinical 
relevance but fail to reach statistical significance. The problem of publication bias is inherent to our 
present system of scientific literature, and is an unavoidable issue of the research synthesis process. 
The effect of the preferential acceptance of articles reporting significant results on research is critical: 
bias in favor of studies showing significant results alter the reliability of systematic reviews by reduc-
ing the included number of papers with opposing results. Since the validity of this type of publica-
tions depends on the representativeness and soundness of the source material, underrepresented 
evidence will have a disproportionally decreased influence on the outcome. That will be particularly 
grave when, as is the case for instance in osteoimmunology, research synthesis is utilized to obtain 
the best available evidence for treatment of pathologies in order to perform either evidence-based 
clinical decisions, or comparative effectiveness analysis (cf., Chiappelli et al. 2010a, b).

http://www.ncbi.nlm.nih.gov/pubmed
http://www.cochrane.org
http://www.jr2.ox.ac.uk/bandolier
http://www.embase.com
http://www.york.ac.uk/inst/crd
http://www.cochranejournalclub.com
http://www.cochranejournalclub.com
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Another critical aspect of the methodology of research synthesis pertains to ––
the assessment of the best evidence, once, through the sampling process, we 
have obtained all of the available evidence. Each identified report must be 
evaluated for the level of evidence and the quality of the evidence (vide infra). 
The reliability of these assessments is ensured by the fact that they are 
obtained by means of well-crafted and validated instruments, and through 
two or more independent readers, whose replicability is tested and verified 
statistically (e.g., inter-rater reliability, coefficient of agreement6).

•	 Analysis of the combined data is a critical step in scientific research in general, and 
in research synthesis in particular. Whereas the level of evidence is usually a quali-
tative statement, or at best a semiquantitative ranking (e.g., level of evidence II-a, 
based on certain criteria; vide infra), the quality of the evidence generally pro-
duces some numerical values based on established scoring modalities. The quality 
of the evidence is best obtained by means of fully validated instruments for that 
purpose, although, in certain cases, in-house instruments can be used as well. The 
quality of evidence scores of all of the identified papers for a given PICO question 
can be combined into an acceptable sampling analysis, which is designed to iden-
tify and retain the highest scoring (i.e., the best) literature, and to reject the lowest 
scoring reports. Typically, low scores characterize reports with egregious deficien-
cies in research design, methodology, and statistical analysis of the data; and it is 
not arduous to grasp why the conclusions generated by these deficient resports 
ought not to be applied to the treatment of patients. Data can then be “extracted” 
from each of the reports within the pool of identified best literature, so long as the 
data address the same identical facet of the clinical outcome (O) under study (West 
et  al. 2010; Ajaj et al. 2011). When that is the case, the studies are said to be 
homogeneous, a property that can be estimated statistically. The size of the dif-
ferences between the experimental and the control groups (i.e., effect sizes) can be 
thusly extracted from each of the reports, and similarly the proportions of relative 
risk, and risk ratios, and tabulated and analyzed statistically together. When that is 
done – provided that the assumption of homogeneity is verified – then the overall, 
overarching analysis crossing over all the studies  – the meta-analysis – will 
benefit from much increased sample size, compared to any individual study in the 
analysis, and thus proffer greater statistical power (i.e., detecting a statistical 
effects, if there one to be found). In brief, the data analysis of a research synthesis 
study is complex, and must ideally entail at least three steps:

Acceptable sampling analysis––
Heterogeneity/homogeneity analysis––
Meta-analysis––

6 It is important to note that inter-rater reliability obtains a correlation coefficient between two 
raters, and a high correlation implies that the two raters “agreed” on which item to score high or 
low (i.e., strong positive Pearson correlation coefficient). By contrast, Cohen’s kappa coefficient 
is a statistical measure of agreement, which assesses whether or not the probability of the raters 
agreeing is larger than chance alone. That is to say, the Pearson intra-rater reliability coefficient is 
distinct from Cohen’s kappa coefficient, although both values establish the degree of agreement 
between two raters, they are two distinct sides of the same coin.
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It should be obvious, for instance, that omission of the preliminary acceptable 
sampling analysis will result in the potential inclusion in the meta-analysis of 
good as well as of sub-par research reports, which will undoubtedly dilute the 
statistical power of the meta-analytical step by incorporating extraneous 
systematic error (i.e., variability, variance). Similarly, if the homogeneity analy-
sis is omitted, a meta-analysis will result that compares apples to oranges, yield-
ing, again for the same reason, reduced power (Bartolucci and Hillegass 2010; 
Ajaj et al. 2011).
That is to say, therefore, that the process of obtaining and utilizing the •	 consensus 
of the best available evidence can only be attained if the steps outlined above are 
stringently followed:

Well-crafted –– PICO question, yielding appropriate keywords
Comprehensive –– search of the available literature bibliome
Accurate evaluation of the –– level of the evidence, and reliable quantification of 
the quality of the evidence
Accurate –– acceptable sampling analysis, homogeneity analysis, and meta-
analysis of the data

–– Consensus of the reported in the best available literature
–– Utility-based decision-making for comparative effectiveness and logic-based 

decision-making for evidence-based intervention
Dissemination and updates to ensure increased –– health literacy and care

Only in this manner, will a definitive consensus of the statistical strength of the 
observed outcome be obtained, interpreted, and presented in a concerted and orga-
nized manner by means of a published report, which is referred to as a systematic 
review. Interpretation and utilization of the best available evidence presented in a 
systematic review can address two fundamentally diverse domains.

When the best available evidence is utilized in a –– logic model of decision-
making, it is usually for the purpose of conjoining it with the medical and 
dental history of the individual patient under care, his/her needs based on the 
clinical diagnosis and expertise of the treating physician or dentist, insurance 
coverage limitations and/or private financial ability/inability to pay for the 
recommended treatment, and expected side-effects. When the best available 
evidence is incorporated in such a manner in judicious clinical decision-
making based on a logic inductive/deductive optimal treatment personalized 
for a given patient, that is aimed at determining what works best for a given 
patient – i.e., the efficacy of treatment. It is the core and substance for evi-
dence-based decision-making (Chiappelli and Cajulis 2009; Chiappelli et al. 
2009).
When, on the other hand, the best available evidence is utilized in a markovian-––
type decision-making tree, where what is computed are the odds of a benefi-
cial outcomes, often examined vis à vis cost (i.e., cost-benefit ratio; 
risk-benefit ratio), then the process of decision-making becomes evidently 
probability- and utility-based, rather than personalized patient-based. The utility 
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model of clinical decision-making has great value, particularly in the context 
of testing the effectiveness of treatment – hence, it is the ideal model of 
comparative effectiveness7 analysis (Baio and Dawid 2008; Chiappelli and 
Cajulis 2009; Chiappelli et al. 2009).
Other elements of clinical decision-making can come into play, which are ––
discussed in an up-coming section (vide infra: Sect. 3.1.3).

In both instances, the decision-making process is aided by a carefully crafted 
summary statement, an executive summary of sorts, of the research synthesis 
process. These summary statements are necessary because, most often, the deci-
sion-maker may not have the time or expertise to read through and to evaluate 
each operative steps of the research synthesis as just described. They might 
simply want to be able to verify that the essentials have been covered ade-
quately, and that, in finis, the research synthesis yielded this or that consensus 
of the best available evidence. These summary statements, called evidence 
reviews or evidence reports, are generally limited to 750–1,000 words, such as 
to permit quick reference by the decision-maker. It is important to state with 
emphasis that the generation of these summary statements of systematic 
reviews for the purpose of dissemination and increased health literacy is done 
by an expert in the field, fully trained in conducting systematic reviews, and 
in generating these summaries. Moreover, these summary statements are duly 
verified by a panel of experts in research synthesis and in the specific clinical 
field, prior to their dissemination to clinicians or decision-makers.8

In brief, the process of research synthesis as it integrates fundamental research 
pertains to the development and dissemination of methods for designing, conduct-
ing, analyzing, interpreting, reporting, and applying systematic research synthesis. 
The scope of the research synthesis methods extends to all aspects of the methods 
for conducting research synthesis, including literature retrieval and information 
science, data extraction, statistical methods, empirical research and simulations, 
software, graphics and reporting of synthesis results, issues of study quality, report-
ing or other systematic biases, narrative analysis and synthesis of qualitative data, 
synthesis of individual participant data, as well as the use of synthesis for develop-
ing practice guidelines and for integration with cost-effectiveness or decision 
analysis (Montori and Guyatt 2008; Chiappelli et al. 2010a; Ajaj et al. 2011).

7 The Institute of Medicine Committee on Comparative Effectiveness Research Prioritization 
defined (2009) comparative effectiveness research and analysis as “the generation and synthesis 
of evidence that compares the benefits and harms of alternative methods to prevent, diagnose, 
treat, and monitor a clinical condition or to improve the delivery of care. The purpose of CER is 
to assist consumers, clinicians, purchasers, and policy makers to make informed decisions that 
will improve health care at both the individual and population levels.”
8 For example, the interested reader is referred to a recent AHRQ report: Creating a Framework 
for “Best Evidence” Approaches in Systematic Reviews, Review Protocol. September 2010. 
Agency for Healthcare Research and Quality, Rockville, MD. http://www.ahrq.gov/clinic/tp/
bestevtp.htm.

http://www.ahrq.gov/clinic/tp/bestevtp.htm
http://www.ahrq.gov/clinic/tp/bestevtp.htm
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In a practical sense, research synthesis emerges from the observations by a clinician, 
which is then translated into a PICO question, thus engendering the process just 
described. The process culminates in the consensus of the best available evidence, 
which, as noted, can be interpreted and incorporated either in an evidence-based or 
in a comparative effectiveness decision-making process. Of course, the clinician 
might also, and in fact very often does obtain biopsy samples or body fluids for 
further testing, in addition to the clinical diagnostic criteria (e.g., imaging CT, MRI, 
X-rays, etc.). When these biopsies and fluids are brought to the laboratory, they 
may be used for diagnostic research purposes, for example, characterization of the 
epigenetic proteomic signature – and thus yield novel information regarding the 
specifics of the pathology afflicting that patient. This new specific information can 
be incorporated, for example in the form of new key words in the search process, 
in the research synthesis, and thus may in the end contribute to yield a consensus 
statement that is better suited, more personalized to the specific patient case. In this 
manner, laboratory fundamental research contributes to enrich and to strengthen the 
research synthesis process in what is called translational9 evidence-based decision-
making (Chiappelli 2010; Ajaj et al. 2011).

What also has become evident over the past decade is that systematic reviews 
begin to accumulate in the literature, such that, for a given PICO question, several 
systematic reviews may be uncovered. That situation will become apparent in the 
subsequent section. A procedure is emerging, which was not utilized in this writing 
because it is still under development, which seeks to combine systematic reviews, 
such that a common and overarching consensus statement can be drafted. These 
combinatory systematic reviews are referred to as “complex systematic reviews” in 
the literature. However, and to distinguish complex systematic reviews that yield a 
clinically relevant consensus of the best available evidence, the term clinically relevant 
complex systematic reviews (CRCSRs) has also been coined (Chiappelli et  al. 
2010a, b). Later in this monograph, we discuss the concept of the strength of the 
clinical recommendation quantified by the Grading of Recommendations, 
Assessment, Development and Evaluation (GRADE) instrument, and its recent 
extension (Ex-GRADE), toward the further evolution of the field into translational 
CRCSRs (T-CRCSRs) (vide infra).

The protocol for CRCSRs also follows the research synthesis procedure, although 
it is a bit more complex: from the PICO question a search is generated that is limited10 
to including systematic reviews. The level of evidence of systematic reviews is, by 
definition, optimal; however, the quality of individual systematic reviews may vary. 

9 Fundamentally, and as defined by the National Institutes of Health (NIH), translational research 
is used to translate the findings in basic research efficiently into clinical practice.
10 The clinically relevant complex mixed systematic reviews (CRCMSRs) combine (i.e., “mix”) the 
traditional systematic review approach outlined above with the systematic reviews performed on 
a set of systematic reviews (i.e., CRCSRs). That mixing of two heterogeneous bodies of research 
in a single research synthesis process engenders significant analytical challenges and interpreta-
tive difficulties, which are still under development by my research group and others.
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Thus, it must be evaluated by means of validated instruments, such as the AMSTAR, 
which we have recently revised in order to yield quantifiable measures (cf., 
R-AMSTAR; Kung et  al. 2010). Whereas R-AMSTAR scores permit acceptable 
sampling analysis and ranking of systematic reviews derived from the percentile of 
the individual quality scores (cf., Fig. 3.2), the problem remains unsolved as to how 
an overarching meta-analysis can be generated with sufficient statistical power and 
stringency across diverse systematic reviews. It is apparent that a simple cumulative 
meta-analysis, as has been proposed, may not satisfy the statistical requirements for 

Fig.  3.2  Using the extension of GRADE (expanded GRADE, Ex-GRADE). The Grades of 
Recommendation Assessment, Development and Evaluation (GRADE) guidelines arose from a 
body of research synthesis work that has been established since the mid-1990s to early 2000s. By 
the mid-2000s, the GRADE had acquired its present structure consisting of two principal compo-
nents: (a) grading the quality of the evidence, and (b) grading the strength of the clinical recom-
mendations. The figure presents the structure of the extended or expanded GRADE, which 
integrates a fully quantifiable means to assess the quality of primary research or of systematic 
reviews, depending on whether the instrument is to be used to conduct a systematic review or a 
systematic review of systematic reviews. The Ex-GRADE also consists of a new quantifiable 
instrument for grading the strength of the recommendation, which has been fully validated (Phi 
et al. in press). The Ex-GRADE also integrates a system for ranking research reports in a clinician-
friendly approach, such as that proposed by Kung et al. (2010). The insert of the figures shows a 
table that lists four systematic reviews on rheumatoid arthritis (RA) that were evaluated with the 
R-AMSTAR, whose total score is listed. Based on those score values, a percentile ranking is 
obtained, which is translatable to a letter grade. An approach similar to this is obtained with the 
overall Ex-GRADE scores (Barkhordarian et al. 2011)
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quality research synthesis; rather, it appears that a Bayesian model of meta-analysis 
may be the sole and better approach to yield as reliable consensus of the best 
available evidence in CRCSR’s (Oakley and O’Hagan 2004; Chiappelli 2010; 
Chiappelli et al. 2010a, b). Studies are ongoing in our research group at the moment, 
and it is premature to propose and de fend this or that protocol. Therefore, simplified 
evidence reports (i.e., evidence reviews) of individual systematic reviews are presented 
in the subsequent section, in order to illustrate the role of research synthesis in evidence-
based and comparative effectiveness decision-making in oestoimmunology.

3.1.2 � Example of Existing Systematic Reviews  
in Osteoimmunology

3.1.2.1 � Rheumatoid Arthritis

Rheumatoid arthritis and other inflammatory diseases of bones and joints are, as 
noted in the previous chapter, particularly painful, cumbersome to treat, and exact-
ing upon the aging and aged population. Often, patients self-treat, or engage in 
modalities that are considered alternative or complementary to traditional Western 
medicine. There are many over the counter alternative medicines available purport-
ing to ease pain associated with arthritis, however there is no evidence supporting 
benefits for most alternative treatments including: vitamin A, C, and E, ginger, 
turmeric, omega-3 fatty acids, and chondroitin sulfate and these are thus not recom-
mended. Glucosamine may have some benefit, and we have conducted a systematic 
review that demonstrated that S-Adenosyl methionine can relieve pain similar to 
nonsteroidal antiinflammatory drugs (Hardy et al. 2003).

Moreover, according to the philosophy of traditional acupuncture, energy circu-
lates in “meridians” located throughout the body. Pain or ill health happens when 
something occurs to cause this meridian energy circulation to be blocked. The way 
to restore health is to stimulate the appropriate combination of acupuncture points 
in the body by inserting very thin needles. Sometimes in painful conditions, electrical 
stimulation along with the needles is also used. According to acupuncture theory, 
one way you can tell that acupuncture is relieving pain is that, you may feel numb-
ness or tingling, called the qi, where the needle is inserted. However, acupuncture, 
as an adjuvant to an exercise-based physiotherapy program, did not emerge from a 
rigorous systematic review of the evidence in any greater improvements than the 
exercise program alone, or long-term benefits (Manheimer et al. 2010).

In a somewhat affine context, we might recall that hyaluronic acid, a naturally 
occurring anionic, nonsulfated glycosaminoglycan distributed widely throughout 
connective, epithelial, and neural tissues, is endowed of multiple beneficial functions, 
and has also been used to treat osteoarthritis. Hyaluronic acid-based “visco-
supplementation treatment” interventions may have some merit when administered 
as a course of injections into the knee joint, perhaps by favoring the viscosity of the 
joint fluid – although the wide-spread functionalities of this compound suggests a 
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more complex biological mechanism and set of side-effects. Simplistically however, 
one may suggest that visco-supplementation of hyaluronic acid may be efficacious 
in lubricating and cushioning the joint, thus minimizing friction and producing, 
overall, a decrease in inflammation, and consequentially a relief of pain. Whereas 
the hypothesis that hyaluronic acid might induce, in and of itself, an analgesic 
effect proper is questionable, immunological evidence supports a biochemical 
mechanism for the antiinflammatory function of hyaluronic acid.

Indeed, production of hyaluronic acid rises at sites of inflammation, often corre-
lating with the accumulation of leukocytes (Day and de la Motte 2005). Moreover, 
platelets express the enzyme hyaluronidase 2, which cleaves hyaluronic acid into 
further fragments that are specific for inflammatory and angiogenic signaling (de la 
Motte et al. 2009), in fact confirming that hyaluronic acid, platelets, and monocytes 
constitute a newly identified triad of the inflammatory process (Menezes et  al. 
2009), with direct implications to osteoimmunology.

Mechanistically, biochemical evidence suggests that hyaluronic acid can be 
organized into a wide variety of molecular architectures by its association with 
specific binding proteins. This can lead to the formation of fibril-like structures that 
consist of several hyaluronan chains, which may cross-link thereupon promoting 
adhesion of leukocytes to these complexes and impeding leukocyte utilization of 
inflammation-promoting receptors. Therefore, leukocyte activation is blocked or 
blunted by these hyaluronic acid superstructures. These scaffolds may also prevent 
the loss of extracellular matrix components if the inflammatory process has com-
menced, and thus may contribute to the sequestering of proinflammatory cytokines 
and other mediators (Day and de la Motte 2005).

Hyaluronic acid binds to CD44 on lymphocytes, which is itself a marker of 
lymphocyte activation. Moreover, it binds to ICAM-1, and thus is likely to contribute 
to the control of ICAM-1-mediated immune cell adhesion and migration through 
the lymphatic system (Jackson 2009). Furthermore, and attesting to the role of 
hyaluronic acid as one of the conductors, or perhaps the conductor of the osteoim-
mune orchestra, is the observation that hyaluronic acid directly acts on osteoclasts 
by interfering with their differentiation in a Toll-like receptor 4 (TLR4)-dependent, 
but CD44-independent mechanism (Chang et al. 2007).

Clinical research on the beneficial outcomes of hyaluronic acid administration, 
particularly in the context of osteoarthritis remains inconclusive because its effective-
ness and efficacy needs to be demonstrated. Therefore, a research synthesis protocol 
was designed to involve extensive search of the literature in Pubmed-MEDLINE, 
EMBASE, CINAHL, BIOSIS, and the Cochrane Controlled Trial Register. The out-
come of interest was pain at rest, pain during or immediately after movement, joint 
function, and adverse side-effects. Twenty-two randomized controlled trials (RTC’s) 
were identified, and synthesized in the systematic review. The assessment of pain by 
means of the visual analog scale is typically of weak reliability and validity, which 
led to measurements that were of usable quantitative value in many instances. 
Therefore, even though pain at rest seemed to be improved by hyaluronic acid, a clini-
cally relevant observation, the data failed to yield a statistically significant outcome 
appropriate for further assessment. Similarly, no improvement in knee function was 
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recorded quantitatively, but the effect of hyaluronic acid on knee function was 
clinically favorable. Adverse side-effects events occurred at a higher risk among 
patients who received the intervention (relative risk [RR] = 1.08, CI

95
: 1.01–1.15). In 

brief, the best currently available evidence, while far from adequate, suggests that 
intra-articular hyaluronic acid has not been proven to be efficacious, or effective since 
it in fact may be associated with a greater risk of adverse outcomes (Arrich et al. 
2005). Indeed, to this date, research synthesis of the best available evidence has not 
established the efficacy or the effectiveness of visco-supplementation of hyaluronic 
acid in the treatment of ankle osteoarthritis in the most current literature bibliome 
(Migliore et al. 2011), although in certain cases and for certain outcomes (e.g., func-
tion and patient global assessment at the 5–13 week postinjection period; Bellamy 
et al. 2005; or even at 14–26 weeks or sometimes longer postinjection period; Brzusek 
and Petron 2008) the efficacy of hyaluronic acid seems to be well established.

In a seminal AHRQ report on the treatment of primary and secondary osteoar-
thritis of the knee, Samson et al. (2007) compared the effectiveness of three modes 
of intervention: intra-articular visco-supplementation, oral glucosamine or chon-
droitin, alone or in combination, and arthroscopic lavage or debridement. The 
search, which did not exclude reports in languages other than English, and which 
included “gray literature” (i.e., conference proceedings), yielded data from 42 
RCTs of visco-supplementation, all but one synthesized among six meta-analyses; 
21 RCTs of glucosamine/chondroitin, 16 synthesized among 6 meta-analyses; and 
23 reports on arthroscopy. Three domains of results were reported, which pointed 
to the act that the best available evidence failed to demonstrate clear and uncon-
troversial clinical benefit:

•	 Visco-supplementation trials generally showed positive effects on pain and 
function compared to placebo, although the overall clinical relevance could not 
be ascertained because of methodological weaknesses (e.g., variable trial quality, 
potential publication bias, questionable clinical significance11).

•	 Glucosamine/Chondroitin intervention, including careful assessment of the 
Glucosamine/Chondroitin Intervention Trial, a large (n = 1,583), National 
Institutes of Health-funded, multicenter RCT, showed no significant differences.

•	 Arthroscopic lavage with or without debridement emerged as equivalent to 
placebo.

3.1.2.2 � Osteoporosis in Otherwise Normal Subjects

In the context of osteoporosis, most treatments have some proven efficacy in 
reducing the risk of vertebral fractures. Overall however, the evidence is less 
convincing in terms of the prevention of nonvertebral fractures, in part because 

11 These limitations emphasize the need for assessment of the level of the evidence and of the quality 
of the evidence, followed by an acceptable sampling step, as described above (vide supra).
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available RTC’s yield post-hoc subgroup analyses, rather than analyses based on 
the intent to treat. The intention-to-treat (ITT) analysis aims to circumvent the 
effects of crossover and drop-out, which alter the randomization to the treatment 
groups, and thus yield spurious data. In principle, the intention-to-treat analysis 
seeks to describe the potential effects of treatment policy rather than on the poten-
tial effects of a specific treatment, because it is a means of analyzing the outcome 
of a RCT based on the initial treatment intent, not on the treatment eventually 
administered. For the purposes of the intention-to-treat analysis, the entire sample 
that begins the treatment is considered to be part of the trial, whether they finish it 
or not (Lachin 2000).

A meta-analysis of eleven RCT’s-Phase III was performed to compare the rela-
tive risks of nonvertebral antifracture efficacy for at least 3 years, confirmed by 
radiographs, of bisphosphonates, alendronate, and risedronate among several 
osteoporosis therapies in postmenopausal women. The research synthesis empha-
sized stringent assessment of the intention-to-treat sample. The analysis outcome 
established significant reductions in the relative risk of nonvertebral fracture for 
both alendronate (relative risk, RR = 0.86, CI

95
: 0.76–0.97, p = 0.012) and rise-

dronate (RR = 0.81, CI
95

: 0.71–0.92, p = 0.001). Risedronate and strontium ranelate 
further evinced clinically relevant nonvertebral antifracture efficacy in the context 
of this research synthesis (Boonen et al. 2005).

To further test and establish the strength of the clinical recommendations and the 
cost-effectiveness of selective estrogen receptor modulators, bisphosphonates, and 
parathyroid hormone for the prevention and in the treatment of osteoporosis, a 
systematic review was brought forward with the specific goal of contributing to the 
body of knowledge aimed at preventing or reducing of osteoporotic fractures in 
postmenopausal women. The process of research synthesis emphasized meta-
analysis, rather than the complete traditional systematic review structure. Studies 
were included in a random effect model meta-analysis, if the outcome of fracture 
incidence was reported in terms of the number of patients suffering fractures. The 
clinical decision-making model was derived from the meta-analytical results and 
inference to estimate the cost-effectiveness of osteoporosis interventions by calcu-
lating the number of fractures that occurred, as a function of the costs associated 
with the osteoporotic fractures, and the quality-adjusted life-years. As reference 
control, the conditions of breast cancer and coronary heart disease were modeled 
by the same approach because certain interventions can affect the risk probabilities 
for these conditions. Using a bibliome sample size of ninety RCTs that met the 
inclusion criteria, a comparison of five interventions (alendronate, etidronate, rise-
dronate, raloxifene and teriparatide) to five reference control treatments (calcium, 
calcium plus vitamin D, calcitriol, hormone replacement therapy and exercise), and 
to a no-treatment placebo controls was possible. The intervention costs of treating 
all osteoporotic women for 5 years with alendronate, etidronate, risedronate, or 
raloxifene was elevated, and the cost adjusted per quality-adjusted life-years 
decreased dramatically with age. In fact, of the five tested interventions, only ral-
oxifene appeared to reduce the risk of vertebral fracture in postmenopausal women, 
independently for low bone mineral density. However, the evidence indicated that 
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none of the five interventions effectively reduces the risk of nonvertebral fracture 
in women, regardless of low bone mineral density, whereas they all led to substan-
tial gains in quality-adjusted life-years, particularly among older women. The 
research synthesis also clearly evinced the estimated costs varied widely across the 
interventions, age, and clinical profile (i.e., prior fracture) (Stevenson et al. 2005).

Research synthesis, followed by a Markov model of probabilistic decision ana-
lytic techniques, was utilized to establish the comparative effectiveness and long-
term costs and outcomes of five treatment and secondary prevention strategies for 
osteoporosis: placebo – “no intervention,” alendronate, etidronate, risedronate, and 
raloxifene, in postmenopausal (65+ year old) osteoporotic women without prior 
fracture. Probabilistic sensitivity analysis, which is directed at predicting how 
changes in a given model inputs can, probabilistically, influence the outputs with the 
purpose of determining “good practice” (Andronis et al. 2009), was used to incorpo-
rate the impact of parameter uncertainty. In addition, deterministic sensitivity analy-
sis, which differs from the former in that it seeks to predict how changes in a given 
model inputs can be determined by certain specified variables to influence the 
outputs, was used to compare alternative patient populations and modeling 
assumptions. Life years and Quality-Adjusted Life Years (QALYs, cf., notes) were 
the outcomes of interest in the comparative effectiveness investigation, which estab-
lished that risedronate was less effective than etidronate and alendronate. Alendronate 
and etidronate were cost-effective alternatives for treating women with osteoporosis, 
although the model did not permit long-term projection (Goeree et al. 2006).

A related research synthesis confirmed these findings, as it examined the cost-
effectiveness of nonfracture side-effects of osteoporosis treatments in women 
screened for osteoporosis at the age of 65, and treated osteoporotic subjects, as 
recommended with hormone replacement therapy, raloxifene, or alendronate. This 
approach utilized the Markov model of osteoporosis disease progression to simulate 
costs and outcomes by means of calculations of incremental cost-effectiveness 
ratios of screen-and-treat strategies, relative to a no-screen and no-treat strategy. 
Disease progression parameters, as well as cost and quality-of-life parameters were 
outcomes of interest in this analysis. Results showed that screening and treatment 
with hormone replacement therapy act in concert to increase costs and to lower 
quality-adjusted life-years (QALYs), relative to the no-screen, no-treat strategy, 
except when the model includes the assumption of no fracture, and thus no drug-
related health effects. In conclusion, whereas raloxifene further increases costs and 
QALYs, alendronate emerges from this research synthesis as the most cost-effective 
strategy relative to the no-screen, no-treat strategy; in fact, with a fairly good and 
acceptable cost-effectiveness ratio (Mobley et al. 2006).

Fragility fractures cause significant morbidity and mortality. Effective osteoporo-
sis treatment can reduce fracture incidence, but it is not known whether it is effica-
cious as well in reducing mortality. A research synthesis protocol was designed with 
the aim to determine whether effective osteoporosis treatment might be efficacious 
in reducing mortality. Two databases (i.e., Pubmed-MEDLINE, Cochrane Central 
Register of Trials), as well as some “gray” literature obtained from American 
Society for Bone and Mineral Research conference abstracts were consulted. 
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Eligible RCT’s were included if they established efficacy interventions other than 
estrogen and selective estrogen receptor modulators in preventing both vertebral and 
nonvertebral fractures over a study duration longer than 12 months. Studies (n = 8) 
of risedronate, strontium ranelate, zoledronic acid, and denosumab were included in 
the research synthesis. The consensus statement arising from the analysis was that 
treatment is efficacious in leading to a reduction in mortality (relative risk analysis 
I = 0.89, CI

95
: 0.80–0.99, p = 0.036; relative risk analysis II = 0.90; CI

95
: 0.81–1.0, 

p = 0.044), and that mortality reduction is independent from age or incidence of hip 
or other nonvertebral fracture. Treatment overall was actually all the more effica-
cious in reducing mortality among the older, frailer individuals with osteoporosis at 
high risk of fracture (Bolland et al. 2010).

In a study aimed to review the pharmacology, pharmacokinetics, pharmacody-
namics, safety, efficacy, and use of denosumab in osteoporosis, breast cancer, prostate 
cancer, and multiple myeloma, pertinent research papers and abstracts were identi-
fied through a complete search of the two specific databases, Pubmed-MEDLINE 
and International Pharmaceutical Abstracts, for the publications between 1966 and 
July 2009. Key search terms included denosumab, its former name AMG-162 and 
its trade name Prolia, as well as its recognized functional characteristics as a fully 
human monoclonal antibody that specifically targets of the receptor activator of the 
nuclear factor-kB ligand (RANKL) system. Indeed, the FDA has given priority 
review status to the RANKL inhibitor denosumab (Prolia) to reduce skeletal-related 
events in cancer. For this particular systematic review, all available human clinical 
studies were included, except for studies in rheumatoid arthritis and giant cell 
tumor of the bone. The research synthesis design evinced that in patients with 
osteoporosis, denosumab significantly reduced bone resorption and consequential 
fractures, in large part by increasing bone mineral density, and reducing bone turn-
over markers of osteoclast-mediated function. Comparative effectiveness analysis 
determined that denosumab was at least as effective in reducing bone turnover 
markers as intravenous bisphosphonates in oncology patients. Efficacy analysis 
also established that patients with osteoporosis commonly reported side-effects of 
denosumab as arthralgia, nasopharyngitis, back pain, and headache. By contrast, 
the most common adverse effects of denosumab intervention in patients with cancer 
were infection often severe enough to require hospitalization, arthralgia, bone pain, 
and fatigue (Burkiewicz et al. 2009).

3.1.2.3 � Osteoporosis in HIV/AIDS

Taken together, this research is particularly timely and critical to the HIV/AIDS 
pandemics. As noted above, HIV-seropositive adult men and women suffer from 
severely decreased bone mineral density, and increased risk of osteoporosis-related 
fragility fractures. Data indicate that the prevalence of osteoporosis in HIV-infected 
individuals is more than 3 times greater compared with HIV-seronegative control 
subjects. Moreover, HIV+ patients treated with antiretroviral therapy (ART) or 
protease inhibitors (PI) evince an even higher prevalence of reduced bone mineral 
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density and increased risk of osteoporosis, compared with their respective controls. 
This evidence was reviewed in a research synthesis design involving a random 
effect meta-analysis. The search of the available evidence was broad and included 
the MEDLINE, PubMed, and EMBASE databases for peer-reviewed cross-
sectional studies between January 1966 and November 2005. The PICO criteria 
included: pooled odds ratios of reduced bone mineral density and increased 
osteoporosis, as outcomes; the following patient population groups: HIV-positive 
vs. HIV-negative; and the following comparative interventions: ART-treatment vs. 
ART-naïve, and PI-treatment vs. PI-untreated. The twenty studies that met all of the 
inclusion/exclusion criteria yielded 884 HIV-seropositive patients, with a preva-
lence of decreased bone density of 67% (pooled odds ratio [OR]: 6.4), of whom 
15% manifested clinical signs of osteoporosis (pooled OR: 3.7), compared to 
control HIV-seronegative subjects (n = 654). Whereas studies did generally not correct 
for HIV/AIDS severity and treatment dose, regimen and duration, the data revealed 
that, compared with ART-naive patients (n = 202, 10 studies), ART-treated HIV-
seropositive patients (n = 824) showed a 2.5-fold increased odds of decreased bone 
mineral density, and increased risk for osteoporosis (7 studies). Similarly, 
PI-treatment increased overall the risk for lower bone mineral density and greater 
risk of osteoporosis in HIV-seropositive patients (Brown and Qaqish 2006).

In a Cochrane systematic review, the effects of interventions aimed at increasing 
bone mineral density in HIV-infected adults were examined. Following a remark-
able extensive search of the available evidence that included MEDLINE, EMBASE, 
LILACS, The Cochrane Library, as well as “gray literature such as Meeting 
Abstracts,” AIDSTRIALS, ACTIS, Current Controlled Trials, National Institutes of 
Health Clinical Trials Registry, and Center Watch, only randomized trials that 
compared pharmacological or nonpharmacological therapy with placebo, no treat-
ment, or an alternative therapy, in seropositive men and women 18 years of age or 
older were included. The clinical outcome of interest was increasing bone mineral 
density. The extensive and focused nature of the systematic review yielded three 
RCT studies that reported examination of the role of alendronate in patients with 
HIV and osteopenia or osteoporosis. A meta-analysis was precluded because of 
excessive heterogeneity (p < 0.0001), which was attributable to marked differences 
in the study populations and interventions. Nonetheless, the sensitivity analysis 
showed that in two homogeneous studies (heterogeneity, p = 0.11), alendronate, 
calcium, and vitamin D markedly improved lumbar bone mineral density after one 
year, when compared with calcium and vitamin D alone (weighted mean differ-
ence: +2.65; CI95 = 0.80–4.51). Of note, is the clinically relevant observation that 
the alendronate-supplemented group did not evidence fewer fragility fractures 
(relative risk [RR]: 1.28; CI95 = 0.20–8.21), or osteoporosis symptomatology 
(RR: 0.50; CI95 = 0.24–1.01), and, overall, adverse occurrence of clinical out-
comes was not significantly different between groups (RR: 1.28; CI95 = 0.20–8.21). 
In one RTC, markedly heterogeneous with the others, demonstrated that patients 
with AIDS wasting showed clinically important improvement in lumbar bone min-
eral density following 3 months of testosterone enanthane treatment, compared to 
placebo, (weighted mean difference: +3.70; CI95 = 0.48–6.92), whereas progressive 
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resistance-training failed to improve this outcome in the patients. Neither the 
testosterone nor the resistance-training group suffered adverse effects. Taken 
together, the best available evidence that emerged from this systematic review 
confirmed that bisphosphonate therapy in HIV-seropositive adults, and testosterone 
in patients with AIDS wasting syndrome appears to be both safe and possibly effective 
to improve bone mineral density. Clearly, these conclusions are preliminary due to 
the limited number of pertinent and homogeneous studies included in this analysis 
(Lin and Rieder 2007).

In a related systematic review aimed at identifying the best available clinical 
data on bone ossification agents that may be considered for use in the treatment of 
osteoporosis and osteopenia in HIV-seropositive adults, an extensive search of the 
literature bibliome was performed of bisphosphonates, calcitonin, raloxifene, teri-
paratide, HAART, osteopenia, osteoporosis, and HIV/AIDS in human subjects. The 
search involved publications in English obtained through MEDLINE (1950-Janu-
ary 2008), EMBASE, as well as “gray literature” (i.e., abstracts from major HIV 
conferences; February 2001-October 2007). Outcomes of interest included pharma-
cology, pharmacokinetics, safety, and efficacy data for available treatment interven-
tions with hormonal and nonhormonal agents. Three RCT clinical trials were 
obtained, and evaluated qualitatively for the use of a bisphosphonate in HIV-
seropositive patients. A marked and clinically relevant increase in bone mineral 
density was observed in HIV+ patients taking alendronate, compared to the placebo 
groups, who received calcium, exercise, and/or vitamin D in one group or both. 
Conclusive consensus statements of the best available evidence could not be 
obtained, however, because of the restricted number of studies, and because of 
dosing restrictions that complicated the efficacious use of these agents; differences 
in diet, exercise, and calcium supplementation. Clearly, the question remains unan-
swered as to the clinical efficacy and effectiveness of alternate interventions, such 
as estrogen, testosterone, calcitonin, and teriparatide, which are less studied in HIV-
seropositive patients.

3.1.2.4 � Ankylosing Spondylitis

Fundamental research has suggested, as noted above, the relationship of TNF-a 
promoter polymorphisms with the clinical manifestation of ankylosing spondylitis. 
A meta-analysis collected the available bibliome of this topic, and focused specifically 
on the association between TNF-a promoter polymorphisms and disease suscepti-
bility. Three search engines were consulted: Pubmed-MEDLINE, EMBASE, and 
Web of Science, and the numbers of individuals with various genotypes and alleles 
in both the case (n = 1,766) and control groups (n = 2,114) were extracted from the 
14 identified relevant studies. CI

95
 of Odds ratios served to estimate the association. 

But, meta-analysis showed that there was no association between TNF-a polymor-
phisms and susceptibility of Ankylosing spondylitis in the overall population. In the 
HLA-B27+ subpopulation, the frequency of 308A allele decreased in patients with 
Ankylosing spondylitis (odds ratio = 0.721; CI

95
 = 0.522–0.995). But, the result was 
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not statistically significant following exclusion of the Hardy–Weinberg equilibrium 
violation studies. We recall that the Hardy–Weinberg principle states that both 
allele and genotype frequencies in a population must remain constant and in equi-
librium from generation to generation, unless specific artificial disturbing influ-
ences, such nonrandom mating, induced mutations, selection, limited population 
size, “overlapping generations,” random genetic drift, gene flow, or meiotic drive, 
are introduced. In brief, therefore, whereas the convention that Ankylosing spon-
dylitis is driven, or mediated by deregulation of the TNF-a pathway, the research 
synthesis protocol and meta-analysis of the data finds no relationship between the 
TNF-a promoter polymorphisms and ankylosing spondylitis susceptibility among 
patients with the HLA-b27+ make-up. The best available evidence shows no asso-
ciation between TNF-a promoter 238/308 polymorphisms and Ankylosing 
spondylitis susceptibility in both the overall population, and the HLA-B27+ 
population subset (Li et al. 2010).

Despite this fundamental evidence, it remains a clinically viable and important 
question to determine whether or not steroidal, nonsteroidal, or anti-TNF-a 
pharmaceutical agents are efficacious and effective treatment modalities for 
Ankylosing spondylitis. In one such study, the treatment effect of nonsteroidal 
antiinflammatory drugs for Ankylosing spondylitis was compared to TNF-a blockers 
(i.e., anti-TNF-a). The systematic literature research yielded RCT’s that reported 
treatment efficacy in relieving pain and/or increasing physical function. Pooled 
effect sizes were estimated by meta-analysis, and interpreted by means of the fixed, 
and, when opportune, the random effect models. These two interpretative models 
differ greatly in that the fixed model holds the viewpoint that the outcomes (depen-
dent variables) are fixed by, and nonrandomly dependent from the independent 
explanatory and predictor variables. By contrast, the random effect models posit 
that the dataset being analyzed consists of, and arises from a hierarchy of different 
populations, whose differences (i.e., variances) relate in a rather random fashion to 
that hierarchy. Indeed, when one assumes that given circumstances that drive and 
determine a given outcome (i.e., fixed model) can only and must arise from a random 
set of such possible circumstances, then it becomes evident that, in actuality, a fixed 
effects model is, simply stated, a special unique case among the random effects 
models. In the specific study at hand, the data were found to suggest that the treat-
ment effects of NSAID’s and anti-TNF-a were both clinically relevant, with a 
slightly greater efficacy of the anti-TNF-a intervention (Escalas et al. 2010).

Another research synthesis study was designed to assess the comparative clinical 
efficacy and cost-effectiveness of three anti-TNF-a agents, adalimumab, etaner-
cept, and infliximab, for the treatment of Ankylosing spondylitis; electronic data-
bases were searched, and gray literature was obtained as feasible in the form 
conference abstracts, economic evaluations reviews, and submissions to the 
National Institute for Health and Clinical Excellence (NICE, an independent UK 
organization that aims at providing evidence-based and comparative effectiveness 
guidance for promoting good health and preventing and treating ill health). Nine 
placebo controlled (i.e., conventional management of ankylosing spondylitis) 
RTC’s were identified, which included two studies of adalimumab, five studies of 
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etanercept, and two studies of infliximab. No study was identified that directly 
compared anti-TNF-a agents. Homogeneity of outcomes permitted meta-analyses 
on several means of clinical assessment for the condition, including general assess-
ment of percent clinical improvement in Ankylosing spondylitis (ASAS), mean 
change in Bath Ankylosing Spondylitis Disease Activity Index (BASDAI), and 
mean change in Bath Ankylosing Spondylitis Functional Index (BASFI) at 12 
weeks following initiation of anti-TNF-a therapy, compared to placebo, for all three 
drugs. Analyses were extended to 24 weeks for etanercept and infliximab. Meta-
analyses of the 12-week data showed significant advantage of anti-TNF-a therapy 
over conventional placebo treatment: at 12 weeks, ASAS 50% responses were 3.6-
fold more likely, and both BASDAI and BASFI scores were largely reduced, but the 
three pharmaceutical agents under examination were not dissimilar in efficacy. The 
cost-effectiveness conclusions were mixed, but suggestive overall of the trend that 
short time-frame anti-TNF-a therapies for Ankylosing spondylitis may not be cost-
effective. The incremental cost-effectiveness ratios, that is the ratios of the change 
in costs of a given therapeutic intervention, compared to the placebo-alternative, to 
the change in effects of that intervention, were similar for etanercept and adali-
mumab, but lower for infliximab, particularly when corrected for quality-adjusted 
life year (QALYs, cf., notes). That is to say, the data of these meta-analyses revealed 
a substantial and quite unsustainable front-loading of costs of the anti-TNF-a inter-
ventions tested, which translates to indicate that none of the pharmaceutical agents 
considered in the study are cost-effective at current acceptable threshold, with inf-
liximab yielding much poorer economic results overall. Certainly, the inference 
suffers from the fact that the short-term data available were used in a model 
intended to be predictive long-term and therefore speculative trends and parameter 
values were projected far beyond the available evidence. Sensitivity analyses are 
known to reveal wide variations in estimates of cost over the long term, despite the 
widely accepted dogma that it is unlikely that costs will decrease over time. 
Nevertheless, and in brief, whereas the best available evidence has established that 
three anti-TNF-a treatments under consideration are efficacious clinically in reduc-
ing the clinical symptomatology of Ankylosing spondylitis, this important study 
also unveils that the same interventions fail the test of comparative effectiveness. 
The short-term economic assessment clearly shows that none of the three anti-TNF-a 
agents is cost-effective at current acceptability thresholds. (McLeod et  al. 2007). 
This systematic review analysis is a prime example of utilizing the same research 
synthesis protocol to uncover the best available evidence, which then demonstrates 
two disparate outcomes: satisfactory efficacy for evidence-based practice, and 
simultaneously unsatisfactory comparative effectiveness.

3.1.2.5 � Osteonecrosis of the Jaw

In a systematic review designed to uncover the relationship between bisphospho-
nate use and development of osteonecrosis of the jaw in patients treated with oral 
bisphosphonates for the treatment of osteoporosis, an extensive search of the 
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literature (i.e., MEDLINE, the Cochrane Database of Systematic Reviews, the 
Cochrane Central Register of Controlled Trials, EMBASE) yielded, following 
appropriate inclusion and exclusion criteria, 11 studies. Overall, the data evinced 
that while large numbers of patients with osteoporosis are treated with bisphospho-
nates, the relative prevalence of osteonecrosis of the mandible is relatively low, 
except for women aged over 60 years (Pazianas et al. 2007).

In another example, the treatment of ossifying fibroma was examined by systematic 
review to compare frequencies among four global groups. Two wide databases were 
searched, although perusal of three sources is generally recommended: the National 
Library of Medicine, PubMed-MEDLINE, and LILACS (search engine dedicated 
to Latin American and Caribbean Health Sciences; Biblioteca Regionàl de 
Medicina, BIREME). Inclusion of, for example WHOLIS, the World Health 
Organization Library Information System, might have been conducive to this system-
atic review. Inclusion criteria listed not only cases of ossifying fibroma that 
occurred in a series in the reporting authors’ caseload, but also only those reports 
that confirmed fibro-osseous lesions histopathologically. The search yielded 64 
reports (including the Hong Kong report) considered, of which 32 reports, for a 
total of 781 cases were included in the systematic review. Reports in languages 
other than English (ten) were not excluded, as were reports listing male and female 
patients despite the fact that women are generally affected more frequently than 
men. Patients with ossifying fibroma of the mandible were 3 times more prevalent 
than cohorts with this condition in any other anatomical site. Patients were gener-
ally young adults, with a mean age about 31, and a mode about age 40; but the 
mode female patient age was much in the preteen years. The major clinical pathology 
was recorded as being in 66% of all cases considered in the systematic review 
swelling and deformation of the jaws, and 84% of cases displayed buccolingual 
expansion, with, in potential downward displacement of the lower border of the 
mandible or, in close to all (90%) of maxillary cases, involvement of the maxillary 
antrum. Only 28% of reports included follow-up; and among these, a mere, but 
clinically significant 12% of cases recurred or showed signs of reactivated pathology, 
suggesting that long-term follow-up ought to be the norm for successful evidence-
based treatment of ossifying fibroma (MacDonald-Jankowski 2009).

In a similar study by the same group, the principal features of focal cemento-
osseous dysplasia were examined by means of a systematic review in order to 
compare frequencies among four global groups. The same two search engines were 
consulted, and as mentioned earier, only reports that described cases duly confirmed 
through radiographic and histopathological means were included. Ten reports 
constituted this systematic review. Fibro-osseous lesions predominantly affect 
females and the mandible. Two at-risk global communities emerged: those from 
East Asian, and those from Central Africa origin. Long-term follow-up of large 
series that would have revealed the long-term outcomes of focal cemento-osseous 
dysplasia is not available to date. This information is necessary for future well-
informed evidence-based and comparative effectiveness treatment of edentulism in 
these regions of the world, and potential for osseointegrated implants (Macdonald-
Jankowski 2008).
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3.1.3 � Clinical Decision-Making

People who exhibit value-induced bias- distorting relevant probabilities to justify 
medical decisions- may make suboptimal decisions, and may distort relevant 
probabilities to justify their preferred choices (Levy and Hershey 2008).

Decision analysis techniques can be applied in complex situations involving 
uncertainty and the consideration of multiple objectives. Models for decision-
making require the estimation of a plethora of parameter and of their independent 
and interactive probabilities. The overarching purpose of these models is to enable 
applications and implications to optimizing either efficacy or effectiveness of 
healthcare interventions.

One experimental model has utilized a Java-based software resource, the 
Clinical Decision Modeling System, to implement Naïve Decision Modeling, 
specifically in the realm of performance evaluation measures to compare the cost-
effectiveness of strategies for breast and lung cancer detection. This approach, even 
when assuming equal cost, emerged as a highly practical applied strategy to direct 
the process of establishing evidence-based integrative translational clinical research 
priorities; although the model evinced substantial limitations in the context of 
providing clinical decision support. In brief, the computerized model usefulness, at 
the present level of development, is limited to simplifying the objective-driven 
planning of complex integrative clinical studies without requiring a multiattribute 
utility function. It is probable that this informatics-based approach for clinical 
decision-making will evolve into an algorhytm that will permit efficient integrative 
translational clinical study designs that move beyond simple pair wise competitive 
studies for contrasting benefits of using alternative clinical combinations to affect 
strategic and cost-effective clinical workflows (Shi and Lyons-Weiler 2007).

Current models of medical decision making include shared decision making, 
informed decision making, and evidence-based choice. In these models, the choice of 
the most reasonable treatment option often requires acknowledging the potential for 
conflict between patients and their set of uninformed biases and preferences, and the 
clinicians’ expertise and knowledge of the supportive evidence (Whitney et al. 2008).

In recent years shared decision-making has gained importance as an appropriate 
approach to patient–physician communication and decision-making. However, 
there is a conceptual variety that implies problems of inconsistent measurement, of 
defining relationships of shared decision making and outcome measures, and of 
comparisons across different studies. This article presents the results of a literature 
search of psychometric instruments measuring aspects of decision-making. 
Altogether 18 scales were found. The majority covers the patients’ perspective and 
relates to preferences for information and participation, decisional conflict, self-
efficacy as well as to the evaluation of decision-making process and outcomes. The 
scales differ widely in their extent of validation. Although this review is not exhaus-
tive, it presents a variety of available decision-making instruments. Yet, many of 
them still need to show their psychometric quality for other settings in further 
studies (Simon et al. 2007).
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Effective handling of uncertainty is one of the central problems in medical 
decision-making. The sources and effects of uncertainty in medical decision 
making can be quantified by means of branching probabilities (e.g., Markovian 
tree) and node utilities for probability schematas of alternative treatment strategies. 
Certain public domain software packages are now available, but are, at present, 
limited by the potentially unmanagable complexities of multavariate nature of 
the possible sequence of diagnostic activities, pathophysiologic variables of each 
individual patients, and the individualized, patient-centered evidence-based course 
of treatment (Dittus et al. 1989).

The construction and evaluation of Markov decision processes have traditionally 
been powerful analytical tools for sequential healthcare decision making under 
uncertainty Markov decision processes generalize standard Markov models in that 
a decision tree is embedded in the model, which permits multiple decisions over 
time. Furthermore, the Markov decision tree is superior to standard decision analysis 
in that it permits a faster and more reliable computation time for solving medical 
decisions (Alagoz et al. 2010).

The transtheoretical model of decision-making calls for stages of behavior 
change that can represent temporal dimension for behavior change. Therefore, the 
decision-making variables of the pros and cons of changing are foundational and 
systematic for the evolutions of behavioral relationships, and determinant for 
decisions to decrease health risk behaviors and increase health-enhancing 
behaviors (Prochaska 2008).

The core idea of fuzzy trace theory is that people rely on the gist of information, 
its bottomline meaning, as opposed to verbatim details in judgment and decision-
making. In fuzzy trace decision-making, precise information about benefits of risks 
is not necessarily effective in encouraging prevention behaviors or in supporting 
medical decision-making. People can get the facts right, and still not derive the 
proper meaning, which is key to informed decision making. In addition, retrieval of 
health-related values and processing interference brought on by thinking about 
nested or overlapping probabilities of occurrence are also important (Reyna 2008).

The evidence-based practice process requires integrating the evidence with 
consideration of practical resources and patient preferences in collaborative and 
integrative engagement for making health-related decisions. This transaction is 
relevant both in the principal theories of clinician decision making (e.g., expected 
utility and fuzzy trace) and in the principal theories of patient health decision 
making (e.g., transtheoretical model and reasoned action for improved lifestyle), 
because these theoretical paradigms rest on similar data strands, that consist of 
evidence, resources, and preferences. The preponderance of these data supports 
computational approaches and the development of specific algorhythms, which still 
remains needed (Spring 2008).

In summary, ignoring evidence-based theory is no longer defensible in medical 
decision-making and health, regardless of whether the focus is on research or on 
practical applications. The three theories (theory of reasoned action, transtheoretical 
model, and fuzzy trace theory) is supported by empirical evidence, they present 
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disparate views of risky decision-making, behavioral change, health promotion, and 
medical decision-making. The following points deserve reiteration:

In all three theories, important aspects of decision making •	 need not be conscious. 
Attitudes and norms need not be consciously deliberated to influence intentions, 
and, subsequently, behavior. People in the precontemplative stage are unaware 
that they are “underestimating the pros of changing and overestimating the cons” 
relative to perceptions at other stages of change. Decisions are mentally repre-
sented (as verbatim and as gist representations), and research has shown that gist 
representations often operate unconsciously.
Each theory has a relatively clear position on what is •	 prescriptively desirable. 
The theory of reasoned action can explain behavior that is reasonable, that 
emerges from well-ordered intentions – The theory of reasoned action has much 
evidence to support it; meta-analyses show that behavioral intentions are signifi-
cant predictors of behavior. In fuzzy trace theory, as in the other approaches, 
internal coherence and good outcomes (e.g., good health outcomes) are consid-
ered generally indicative of better decisions.
They can be applied to •	 both patients and healthcare providers.

3.2 �Directions for the Future

3.2.1 � Translational Evidence-Based Interventions:  
Toward a Novel Model

The optimal translational framework for evidence-based and comparative effective-
ness research must redefine the objective of translation from that of institutional-
izing effective interventions to that of improving population and individual patient 
health. This outcome can only be obtained by influencing the determinants of 
health and disease in their totality and complexity, from the epidemiological, to the 
psycho-emotional and social science perspectives, from the proteomic signature to 
the metabolomic and physiomic contexts, from individual patient data to meta-
analyses, in order to recognize and to appreciate that many types and facets of 
research contribute to the overall profile of the best available evidence, and the 
shaping of evidence-based policy, practice, and future research. The pivotal role for 
research and evidence synthesis cannot be overlooked in the process of advancing 
the field of applied translational evidence-based and comparative effectiveness 
decision-making (Ogilvie et al. 2009).

That is the reason why the translation and diffusion of findings into health care 
validate the potential of evidence-based innovation to improve clinical practice and 
affirm the benefits of society’s investment in advancing science. Therefore, novel 
model of translational evidence-based interventions must now arise in health care 
in general and osteoimmunology in particular.
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The translation of evidence-based approaches to communities and populations 
can de facto be actualized. Partnerships among diverse people and organizations 
can be obtained using a mix of approaches that work together to promote the trans-
ference of evidence from research into practice through local, regional, and national 
partnerships (Breslau et al. 2010). That collaborative and cooperative cross-feeding 
empowers the patients to become active participants in the evidence-based treat-
ment, and challenges a dialog between fundamental researchers and clinicians to 
foster translational and trans-national modes of intervention (Ajaj et al. 2011).

3.2.2 � Perfecting the Protocol for Getting  
the Best Available Evidence

That is akin to stating that, in every domain of health care, including osteoimmu-
nology, the next decade will witness the felicitous integration of basic science as 
well as patient input in a fully patient-centered translational evidence-based and 
comparative effectiveness clinical decision-making process in a global scale. We 
are early in this process, and need at this point to examine the elements we pres-
ently have and what needs to be improved.

While the Promoting Action on Research Implementation in Health Services 
(PARiHS) framework is widely promoted to implement evidence-based clinical 
practices, it remains to be demonstrated what pool of validated measurement instru-
ments the network in actuality possesses to operationalize the bold constructs it 
proposes. One such tool is recognized under the acronym ORCA, which stands for 
the 77-items Organizational Readiness to Change Assessment instrument. ORCA is 
structured and validated along 19 subscales and three primary scales that correspond 
to the fundamental core elements and subelements of the PARiHS framework:

•	 Strength and extent of evidence for the clinical practice changes represented by 
the QI program, assessed with four subscales (Cronbach a = 0.74).

•	 Quality of the organizational context for the QI program, assessed with six 
subscales (Cronbach a = 0.85).

•	 Capacity for internal facilitation of the QI program, assessed with nine subscales 
(Cronbach a = 0.95).

However, ORCA generally fails with poor reliability among measures of evidence, 
and factor analysis results for measures of general resources and clinical champion 
role. Thus, the PARiHS framework, while encouraging, still suffers from poor 
validity and reliability in certain factors and domains (Helfrich et al. 2009).

The PARiHS structures is effective is explicating a process that catalyzes new 
knowledge adoption and use by individuals and systems to solve problems. Each 
conceptual perspective suggests that translation is not complete until the extent and 
impact of use is examined and understood. The AHRQ framework has proposed 
that measures in addition to PARiHS in order to include changes in patterns of care 
and changes in policies, procedures, or protocols. This perspective supports the 
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evaluation of impact of evidence-based practice using process measures that 
integrate clinician knowledge, actual performance of the practice, and patient/
clinician outcomes (Donaldson et al. 2004).

It remains certain that the PARiHS framework has proved to be, and continues 
to be, for the most part, a useful practical and conceptual heuristic for researchers 
and practitioners in framing translational evidence. Indeed, it has been proposed 
that PARiHS may best be utilized as a two-stage process: one that initiates with a 
preliminary diagnostic and evaluative assessment of the evidence within a PICO 
context (vide supra), and that then progresses through aggregation and analysis of 
pertinent data to determine the consensus of the most appropriate mode of interven-
tion in a decision-making mode (cf., previous section) (Ajaj et al. 2011). PARiHS 
thus provides a structure and a framework by which diagnostic and evaluative infor-
mation come together to shape, craft, and mold the decision-making process for a 
given intervention targeted to the specific situation and context, and to the partici-
pating stakeholders (Kitson et al. 2008). As such, the construct validity of PARiHS 
is imbedded in the very contextual, epistemological, and ontological definition of 
evidence-based and comparative effectiveness in decision-making. The next genera-
tion of work in this are will see the full implementation of PARiHS in the context 
of osteoimmunology and osteaoimmunopathology.

In a parallel effort to perfect tools and instruments for obtaining and utilizing in clini-
cal practice the best available research evidence, the Appraisal of Guidelines Research 
and Evaluation-Europe (AGREE 2003) is a widely adopted globally around the world 
evaluation instrument that is useful for the quantitative assessment of quality of the 
development of clinical practice a guidelines. AGREE proceeds along six domains:

Scope and purpose•	
Stakeholder involvement•	
Rigor of development•	
Clarity and presentation•	
Application•	
Editorial independence•	

Scores from multiple (at least two) assessors collected, evaluated, and reconciled if 
need be as above. Assessment are semiquantitative/semiqualitative in nature and 
obtain as: “strongly recommended for use in practice,” “recommended for use with 
some modification or proviso,” “not recommended as suitable for use in practice,” 
or “unsure.” In an effort to improve upon obvious weaknesses, the 23-item 
AGREE-II instrument was recently disseminated, which, besides using a seven-
point scoring system, also evaluated the usefulness of each of the original AGREE 
items toward enhancing content validity (Brouwers et al. 2010a, b).

Moreover, the Grading Recommendations Assessment, Development and 
Evaluation (GRADE) system (vide supra; Schünemann et al. 2008; Brozek et al. 
2009) provides the opportunity to obtain evidence-based recommendations that are 
based on an evaluation of the level of evidence, the quality of the evidence, and the 
clinical relevance of the best available evidence (Terracciano et al. 2010). Therefore, 
the GRADE instrument finds for itself a central niche in research synthesis for 
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evidence-based and comparative effectiveness clinical decision-making in that it 
pertains to the identification of the best available evidence for reporting in system-
atic reviews, and for integration in revised clinical practice guidelines.
Specifically, GRADE allows four grades of quality of evidence:

High•	
Moderate•	
Low•	
Very low•	

GRADE also yields three levels of the strength of the clinical implications and 
recommendation:

Strong•	
Weak•	
Conditional to an intervention – pro•	
Conditional to the intervention – con•	

Overall, one strength of GRADE is that the semiquantitative GRADE estimate is 
meant to yield a level of confidence that desirable effects predominate over untoward 
ones with a certain intervention. Another strong advantage of GRADE is that it 
permits recommendations to be formulated and the method to be clarified and made 
more explicit and transparent (cf., Fig. 1.2). It takes into account clinician expertise 
and patient values when defining and grading the relevant outcomes, thereby 
avoiding any influence from literature precedents; while this process may be more 
time-consuming than other related approaches, it clearly can be considered to be a 
notable strength of this method. In fact, GRADE, when compared to another widely 
used instrument, the Strength of Recommendation Taxonomy (SORT), rated equally 
as important to the critical and timely need in this domain of research synthesis 
science to evaluate the quality of evidence and the strength of recommendations 
(Faggion 2010), considering the fast proliferating and the gargantuan heterogeneity 
of the quality and type of evidence in health care, from dentistry, to medicine, 
nursing, nutrition science, psychopathology, and complementary and alternative 
healthcare practice. SORT ensures guidelines to obtain unified and transparent 
development of the best available evidence for clinical decisions, as well as to identify 
potential conflicts of interest, and offer flexibility in various clinical situations 
(Lin and Slawson 2009). This urgency has been recognized by World Health 
Organization (WHO) and many other organizations around the world.

A recent study revealed that only ten of 14 WHO and five of seven World Bank 
recommendations were consistent with the direction of effect claims, as emerging 
from research synthesis protocols and systematic reviews. Therefore, it is critical 
and timely that WHO, the World Bank, donor agencies, national governments, as 
well as insurance carriers improve their use of (or at least, their reporting about their 
use of) research evidence. Decision-makers and clinicians should critically evaluate 
the quality and local applicability of recommendations from any source, including 
international organizations, prior to their implementation (Hoffman et al. 2009).
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The urgency perceived at a global and international level to identify the best 
available evidence for transparent, valid, and reliable identification of the best 
available healthcare practice in the first as in the third World is exemplified by the 
emergence of such networks as the international forum for evidence-based 
decisions and comparative effectiveness research (ifebdcer.org), and EQUATOR, 
the enhancing the quality and transparency of health research collaborative interna-
tional initiative dedicated to enhancing the quality and transparency of health 
research set up specifically to advance high quality reporting of health research 
studies, and to promote good reporting practices including the wider implementa-
tion of reporting guidelines (Simera et al. 2009, 2010).

Clearly, GRADE is an important step forward in evaluating not only the best 
available evidence, but also, and especially, the strength of clinical recommendations 
that pertain to that evidence. It is a unique instrument at this particular stage of the 
evolution of the science of research synthesis, and of its implication to evidence-
based and comparative effectiveness clinical decision-making. It actually congeals 
in a very powerful and unique manner the assessment of the level and quality of the 
evidence, with an assessment of clinical relevance. In recent developments, we have 
up-dated and expanded the interpretative realm of the GRADE, and produced the 
Ex-GRADE, which we have discussed in greater details elsewhere (Chiappelli et al. 
2010a, b; Barkhordarian et al. 2011) (vide supra, cf., Fig. 3.2).

The level of evidence is established on the basis of the type of study design that 
was used to generate the evidence under evaluation (Chiappelli 2008; Chiappelli 
et al. 2010a, b). Typically, a hierarchy is generated as follows (cf., U.S. Preventive 
Services Task Force):

•	 Level I: Evidence obtained from at least one properly designed RTC.
•	 Level II-1: Evidence obtained from well-designed controlled trials without ran

domization.
•	 Level II-2: Evidence obtained from well-designed cohort or case-control ana-

lytic studies, preferably from more than one center or research group.
•	 Level II-3: Evidence obtained from multiple time series with or without the 

intervention. Dramatic results in uncontrolled trials might also be regarded as 
this type of evidence.

•	 Level III: Opinions of respected authorities, based on clinical experience, 
descriptive studies, or reports of expert committees.

The UK National Health Service uses a similar system with categories labeled A, 
B, C, and D

•	 Level A: Consistent Randomized Controlled Clinical Trial, cohort study, with 
clinical decision rule validated in different populations.

•	 Level B: Consistent Retrospective Cohort, Exploratory Cohort, Ecological Study, 
Outcomes Research, case-control study; or extrapolations from level A studies.

•	 Level C: Case-series study or extrapolations from level B studies.
•	 Level D: Expert opinion without explicit critical appraisal, or based on physiology, 

bench research or first principles.
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In more recent years, since the fast emergence of systematic reviews, it is generally 
accepted that systematic reviews have a Level of Evidence that is even higher than 
I or A – a level “super-I/A.” The complication of course arises at present, when one 
considers that the science of research synthesis continues to evolve, such that multiple 
systematic reviews on a given clinical questions can now be pooled into what has 
been referred to as “complex systematic reviews.” Following in the logic above, 
complex systematic reviews ought to be recognized at a level of evidence even 
higher than systematic reviews – presumably, “super super-I/A.”

The quality of the evidence is certainly as distinct from the level of the evidence 
as well of badly played baroque or rock music. The level of evidence pertains to 
what design was utilized to generate the evidence, to same extent as the musical 
compositional canon permits a classification of genres into medieval, classical, 
modern etc. The level of the evidence responds to the question “what was done to 
obtain the evidence?”

By contrast, the quality of the evidence is akin to whether or not that renaissance 
motet composed by Gabrielli or this Mahler symphony are correctly executed and 
well played. The quality of the evidence refers to the question “how well was the 
evidence obtained?”

In the search for the quality of the highest evidence, the consolidated standard 
for randomized trials (CONSORT12) were introduced (Begg et al. 1996; Jüni and 
Egger 2009), and have been continuously revised, improved, and widely used in 
this research synthesis for traditional Western healthcare (Schulz et al. 2010), as 
well as for acupuncture and complementary and alternative medicine, in the form 
of the standards for reporting interventions in clinical trials of acupuncture 
(STRICTA) (MacPherson et al. 2010).

To a similar aim, but directed to observational designs in the health sciences in 
general, and in epidemiological studies in particular, the STROBE statement was 
articulated for the purpose of strengthening the reporting of observational studies 
in epidemiology (von Elm et al. 2007). Individual checklists are available to evalu-
ate the strength of cohort studies, cross-sectional studies, and case-controlled stud-
ies. The STROBE, in fact, has such merit that it was crafted by the STROBE group, 
a multinational team of academicians from Europe (e.g., Switzerland, UK) and 
North America (e.g., Canada, US) (strobe-statement.org) is used internationally, 
and is available in several languages (i.e., English, Chinese, Japanese, Spanish, 
Portuguese, German, Italian, Greek). This instrument was then expanded to assess 
the strengths and weaknesses of genetic, genomic, and proteomic evidence for the 
eventual integration of this information into evidence-based healthcare (i.e., 
strengthening the reporting of genetic association studies, STREGA; strega-state-
ment.org) (Little et al. 2009; Thelle 2009; von Elm et al. 2009).

With respect to evaluating the quality of systematic reviews, Shea and colleagues 
developed and characterized the assessment of multiple systematic reviews instrument 
(AMSTAR), through a process of factor and cluster analyses of previously existing 

12 The CONSORT statement has recently been revised as CONSORT-2010 (vide infra).
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instruments for this purpose (e.g., Overview Quality Assessment Questionnaire, 
OQAQ; Sacks’ checklist; quality assessment of studies of diagnostic accuracy 
included in systematic reviews, QUADAS) (Shea et al. 2007, 2009). This process 
resulted in the identification of 11 domains that are sine qua non’s of an adequate 
systematic review, and which constitute the 11 items of the AMSTAR:

“A priori” design provided•	
Duplicate study selection and data extraction•	
Comprehensive literature search•	
Status of publication (i.e., gray literature) used as an inclusion criterion•	
List of studies (included and excluded) provided•	
Characteristics of the included studies provided•	
Scientific quality of the included studies assessed and documented•	
Scientific quality of the included studies used appropriately in formulating •	
conclusions
Methods used to combine the findings of studies•	
Publication bias•	
Conflict of interest•	

Of course, we recognize fundamental domains of the scientific process in the list 
above. The initial item pertains to the research question (PICO question of the system-
atic review under evaluation: is it evident?, that is, was this piece of research 
synthesis a question-driven, a hypothesis-driven endeavor, or merely an ephimerous 
“shot in the dark,” a “fishing expedition,” a groundless exercise. The following six 
items pertain to the integrity of the research synthesis design per se: they address 
the specific aspects of replicability of measurement (duplicate study selection and 
data extraction), sampling methodology (comprehensive literature search, status of publi-
cation (i.e., gray literature) used as an inclusion criterion, list of studies (included 
and excluded) provided), and measurement (level of the evidence: characteristics of 
the included studies provided; quality of the evidence: scientific quality of the 
included studies assessed and documented). Data analysis is addressed in the 
following two items (scientific quality of the included studies used appropriately in 
formulating conclusions: that is, acceptable sampling analysis; methods used to 
combine the findings of studies: that is, meta-analysis). The scientific method demands 
that the process engenders inferences that are free of bias, which is addressed by the 
last two items of the AMSTAR (publication and conflict of interest bias).

In a recent study we alluded to above (vide supra), we revised the AMSTAR 
instrument, detracting nothing from its content and construct validity, and utilizing 
the very criteria employed in the development of the original tool, with the aim of 
yielding an instrument that can quantify the quality of systematic reviews. We validated 
the revised AMSTAR (R-AMSTAR), and presented its implications and applica-
tions in evidence-based clinical decision-making in health care (Kung et al. 2010) 
(vide supra; cf., Figs. 3.1 and 3.2).

Increasingly, therefore, systematic reviews include – must include accurate 
analysis of the data produced by the research synthesis process. Whereas the inclusion 
of acceptable sampling analysis is still in its infancy, as the field of evidence-based 
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and comparative effectiveness decision-making in health care becomes better 
defined, meta-analysis, a statistical methods with a long history starting with 
Pearson and revived by Glass in the 1970s, is becoming almost a de facto necessity 
in any respectable systematic review. Over a decade ago, it became apparent that 
standards must be established for the appropriate reporting of meta-analytical 
studies, especially when these pertained to the identification of the best available 
evidence for health care. The Quality of Reporting of Meta-analyses (QUOROM) 
statement (Moher et al. 1999) presents a checklist, and a flow diagram to outline 
the optimal flow of presentation of the abstract, introduction, methods, results, and 
discussion sections of a report of a meta-analysis. They were structured and 
organized into 21 headings and subheadings, which had the advantage of providing 
a set of guidelines for investigators, but were often arduous to understand and follow 
for the neophites.

In a recent development, QUOROM was revised and improved, and presented 
as the Preferred Reporting Items for Systematic Reviews and Meta-analyses 
(PRISMA) statement (Liberati et al. 2009; Moher et al. 2009). Whereas longer and 
more complex, PRISMA (prisma.org), which consists of a 27-item checklist and a 
four-phase flow diagram, is actually more user-friendly than QUOROM.

This superior cutting edge tool is has already found its way in bone-related 
research, as it was the primary assessment instrument of a systematic review 
designed to test radiographic marginal bone level changes and the survival of plat-
form switched implants compared to the conventional matched abutment implants. 
The research synthesis protocol and the meta-analysis showed that platform switch-
ing may preserve the inter-implant bone height and soft tissue levels, and that the 
degree of marginal bone resorption appears to be inversely related to the extent of 
implant abutment mismatch (Atieh et al. 2010). Moreover, and in the osteoimmune 
context of this writing, it is important to report the recent utilization of PRISMA in 
the identification of the best available evidence for the comparative assessment of 
antirheumatic drug (DMARD) single- and combination therapy, glucocorticoid 
therapy, and biologic therapy for controlling inflammation-driven joint destruction 
in rheumatoid arthritis. The data of the systematic review of 70 trials evinced the 
clear outcome in that DMARD’s, glucocorticoids, biologics, and combination treat-
ments significantly reduced radiographic progression at one year with a relative 
effect of 50–80% (Graudal and Jürgens 2010).

In conclusion, it is noteworthy to reiterate that the gap between research findings 
and practice has been, and continues to be, a concern for the international community. 
A number of descriptive studies have elucidated barriers and facilitators of evidence-
based practice in nursing. It is argued that it is now time to use findings from these 
studies to design and test interventions that explicitly target barriers to the use of 
evidence in practice rather than doing further research to describe generic barriers 
and facilitators to evidence-based practice. This article discusses research methods 
to advance our knowledge regarding the efficacy of translating research into 
practice (TRIP) interventions that promote and hasten adoption of evidence in 
practice. Following systematic review of published research in a research synthesis 
protocol, exemplars of translation studies are singled out and discussed individually 
to highlight the benefits and challenges. It is evident that the process, while laudable 
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for its unbiased research synthesis process, also suffers from bias inherent to 
selection in conducting TRIP studies. Moreover, limitations of TRIP modalities 
with respect to sample attainment and allocation, unit of analysis assessment, 
intervention characteristics, outcome measurement, and sustainability are mitigated 
only in part by the myriad of TRIP initiatives, increased identification and use 
of evidence in practice, attempts at obtaining systematically the best available 
evidence for the effectiveness of these initiatives (Titler 2004). It could be argued 
that TRIP initiatives may be put into place and evaluated most effectively in evidence-
based practice centers (EBPCs) and the centers for education and research on thera-
peutics (CERTs) of the kind established by the AHRQ.

It is now timely and critical to conjoin advances in basic knowledge obtained by 
fundamental investigations of biological mechanisms (i.e., molecular and cell biology, 
animal and systems physiology) to research synthesis paradigms in the pursuit of 
translation evidence-based research, toward what might come to be termed as trans-
lational TRIP (T-TRIP). In that vision, T-TRIP would be conceptualized as TRIP 
from the overarching view of the translational process from the patient in the clinic 
to the research laboratory and the research bench back to the patient, as defined by 
NIH. In short, the process of TRIP considers strictly the utilization of clinical 
research (e.g., clinical trials) into practice-in a mode akin to the practice-based 
research networks (PBRN’s). By contrast, T-TRIP is conceptualized as the process 
that seeks the integration of translational research into the practice reality, and 
emphasizes the reliance on translational clinically relevant complex systematic 
reviews (T-CRCSRs, vide supra) (Chiappelli 2010; Chiappelli et  al. 2010a, b). 
Osteoimmunology, in terms of the myriad of the fundamental cell biology and the 
intricate spectrum of clinical conditions it composes, appears to be a most likely 
candidate for the establishment of T-TRIP in the next decade.

3.2.3 � Implications for Stomatology

Clearly, as we now look with a bird’s eye view to the field of osteoimmunology and 
oestoimmunopathology, it becomes apparent that the increased understanding of 
the fundamental biology that underlies the complexly intertwined cross-interactions 
between bone and cellular immune metabolism will proffer substantial benefits in 
the treatment of a variety of ailments and diseases in the next decade. The implica-
tions and applications of these advancements in clinical osteoimmunoly, and spe-
cifically in translational evidence-based osteoimmunology will have broad 
pertinence both systemically and locally in certain anatomical or physiological 
domains and systems.

The head and neck region, and specifically its rostral aspect, which as noted earlier, 
is characterized by a complexity of bony structures, soft and hard mucosa where 
immune responses abound. In this anatomical context, which also houses one of 
the most complex joint of the body (i.e., the temporomandibular joint), fundamental 
understanding of osteoimmunological principles, pathways, and processes will permit 
a better grasp of stomatological pathobiology. That is to say, the elements of basic 
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biology we have discussed above (vide supra, Chap. 1), which are essential to productive 
translational evidence-based osteoimmunology in general (vide supra, Chap. 2), apply 
to with equal validity to progress in oral biology and medicine in the coming years.

Case in point ought to be evident in the case of implants needed in aging patients 
with osteoporosis, or cancer patients with osteonecrosis of the mandible or the 
maxilla. Bone needs to be rebuilt in those cases, repacked with either (most often) 
palatal graphs, or with differentiated mineralizing osteoblastic cultures. In either 
situation, however, to ignore the immune dimension of the osteoimmune transac-
tion inherent in the intervention will signify increased risk for clinical failure.

In patients with excessive lateral grinding, the temporomandibular joint may 
become impaired, consequentially to lateral stretching and pulling of the joint ligaments 
(vide supra), and masticatory musculature. This clinical situation, which is most often 
noted by temporomandibular joint specialists, and more rarely by the general dentist 
for the specific changes to the anatomical features primarily of the molars, can, if left 
unchecked or uncorrected, lead progressively to a bone-on-bone grinding situations, 
associated inflammation, and full blown osteoimmune pathology at the temporoman-
dibular site. Certain patients, rather than grinding side-to-side, clench, often during 
sleep or unconsciously, with excessive force of the masticatory muscles (vide supra). 
Repeated action of this sort may lead to the molars, primarily, being pushed deeper 
into the mandibular and maxillary infraalveolar bones, such that the bone resorbs at 
these sites. The effect results in two serious clinical outcomes with osteoimmune 
implications. Firstly, inflammation will develop as bone tissue is harmed or destroyed 
in the process of progressive teeth pushing within the socket, as the infraalveolar bone 
is resorbed, and the tooth cementum undergoes osteoclastic resorption. Secondly, the 
joint is harmed because, the support provided by the molars is now diminished, which 
results in a shortening of the vertical dimension, a disordered functioning of the 
temporomandibular articulation.

The literature is mixed with respect to whether or not osteoporosis per se leads to 
clinically remarkable dysfunction of the temporomandibular joint. Osteoimmunology 
provides a useful paradigm that permits the elaboration of a sound mechanistic 
hypothesis. Stated simply, osteoclastic activity, which is characteristic in osteoporosis, 
may target the cartilaginous coruna that sits on the condyle. As osteoclastic activity 
resorbs this protective cartilage to a sufficient extent, the risk of bone-on-bone 
grinding increases with every movement of the joint. Inflammation will ensue, 
which will engender more active osteoclastic activity at the temporomamdibular 
joint through the processes described in preceding sections (vide supra).

In brief, osteoimmune events and processes are fundamental to normal and regen-
erative physiology systemically and locally in the oral cavity. Osteoimmune patholo-
gies lead to significant impairments of structures and cell-mediated regulatory 
responses across anatomical regions determined by the axial, articular, and rostral 
skeletons. Comparative effectiveness analysis and evidence-based decision-making 
converge in the search for the best available clinical evidence, through the articulated 
research synthesis design and meta-analytical inferences, to procure the most effica-
cious and effective – in terms of raising clinical benefit while minimizing risk and 
costs – evidence-based osteoimmune interventions for oral and systemic medicine.
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We have attempted to present a framework for translational evidence-based 
osteoimmunology and osteoimmunopathology. We have established the biological 
foundations of the emerging understanding of the interactions between the bone 
system and the immune system. We reviewed the cellular, molecular, and proteomic 
pathways that converge to bone metabolism on one hand, and cell-mediated immu-
nity on the other. More importantly, we described and discussed the multiple cross-
regulatory mechanisms through which osteology and immunology sustain each 
other, and on each other.

A clear understanding of normal physiology is critical for the elucidation of 
pathological processes. Therefore, we built upon the physiological relations expli-
cated in Part I in exploring a variety of pathologies that either are anchored in an 
osteoimmune etiology, or partake osteoimmune-driven events in their exacerbation. 
We noted that a common denominator of osteoimmune diseases is the fact that at 
their core lies either cellular immune dysfunction that engenders an alteration in the 
metabolic balance between osteoblastic bone generation and osteoclatic bone 
destruction, or a deregulation in bone metabolism that induces inflammatory and 
related cellular immune responses. Taken together, the observations at hand point 
to the fact that, should we obtain proteomic signatures of these, and other, osteoim-
mune pathologies, then interventions could be designed, tested, and evaluated both 
for efficacy (i.e., clinically relevant successful outcome – the “it’s-working” experi-
ence), and effectiveness (i.e., the “it’s safe, beneficial and affordable” experience).

Thus, we engaged in Part III of this writing, which established the foundations 
of the science of research synthesis, as it aims to retrieve, evaluate, and report the 
best available evidence for the efficacy or for the effectiveness of any given inter-
vention under study. We, of course, focused on the research synthesis already avail-
able in the context of the osteoimmune pathologies described and discussed in Part 
II, and whose underlying fundamental biology could be elucidated based upon the 
elemental concepts explicated in Part I. That is to say, we attempted to lay the 
foundation of a novel perspective on clinical osteoimmunopathology: one that 
relies on translational evidence-based practice. To ensure that the approach we 
proposed remain cutting-edge, we explored and outlined the current and evolving 
parameters of evidence-based efficacy and effectiveness.

Chapter 4
Summary and Conclusion
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Increasingly, an intimate relationship has been recognized between stomatological 
and systemic physiopathological processes. Of course, this intimate intertwining 
of health and disease of the oral cavity and of the rest of the body pertains to, and 
involves as well the osteoimmune system. Thus, we have emphasized in these 
pages the relevance of oral biology and medicine to translational evidence-based 
osteoimmunology and osteoimmunopathology.
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First pharyngeal arch	� The first of six bulges or “arches” that develop in the 
human embryo about gestational week 4–6, is also 
called the mandibular arch. It divides into a maxil-
lary process to give rise to structures including the 
bones of the lower two-thirds of the face (i.e., 
maxilla) up to and including the incus and malleus of 
the middle ear, as a superior regression of the 
Meckel’s cartilage (cf., Meckel cartilage); and a 
mandibular process that comes to form a cartilagi-
nous “model” of the mandible as a cartilaginous bar 
of the mandibular arch known as cartilage of Meckel.

ADAMTS	� A family of peptidases defined by carrying “A 
Disintegrin And Metalloproteinase with 
Thrombospondin Motifs.”

AGREE	� Appraisal of Guidelines Research and Evaluation-
Europe.

AHRQ	� Agency for Healthcare Research and Quality (ahrq.
gov).

AIDS	� Acquired immune deficiency syndrome.
AMSTAR & R-AMSTAR	� Assessment of multiple systematic reviews instru-

ment,  and its revised form: a tool that permits the 
evaluation of research quality of systematic reviews.

ANCA	� Anti-neutrophil cytoplasmic antibodies: a group of 
autoantibodies, mainly of the IgG type, often 
indicative of an autoimmune disease.

Ankylosing spondylitis	� Chronic, inflammatory arthritis and autoimmune 
disease that affects principally the thoracic and the 
sacro-ilium vertebral joints, and may lead to 
eventual fusion of the spine.

Glossary1

1 The interested reader is also referred to the US Health Information Knowledgebase page (ushik.
ahrq.gov), and the Vocabularies link therein.

F. Chiappelli, Osteoimmunopathology: Evidence-Based Perspectives from Molecular  
Biology to Systems Biology, DOI 10.1007/978-1-4419-9495-0,  
© Springer Science+Business Media, LLC 2011
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Apoptosis	� Programmed cell death that involves characteristic cell 
and nuclear changes, and death in a well-orchestrated 
and programmed pattern of events (e.g., blebbing, loss of 
cell membrane asymmetry and attachment, cell shrink-
age, nuclear fragmentation, chromatin condensation, and 
chromosomal DNA fragmentation). Distinct from 
necrotic cell death, a process by which a cell dies as a 
result of toxicity, stress, or other traumatic challenges.

ART	 Antiretroviral therapy.
Arthrodial joint	 Gliding, synovial joint.

Bechterew’s disease	 See Ankylosing spondylitis.
Best available evidence	� Following the process of research synthesis, which 

emerges from a PICO question that generates the 
appropriate search and identification of all of the 
available evidence, the best available evidence results 
from a process of assessment of the level of the 
evidence and of the quality of the evidence, which leads 
to acceptable sampling analysis and meta-analysis. 
What emerges from the process is a consensus of the 
best available evidence.

BGLAP	� Bone gamma-carboxyglutamic acid-containing 
protein, also referred to as osteocalcin.

Bisphosphonates	� Class of drugs that have two phosphonate (PO
3
) 

groups, and that act to prevent the loss of bone mass.
Bisphosphonates	� Drugs with two phosphonate groups (PO

3
) used to 

prevent the loss of bone mass in osteoporosis and 
similar diseases, because they inhibit bone resorption 
by osteoclasts.

BSP-1	 Bone sialoprotein I, cf. osteopontin.

Calcitriol	� See VitD: the hormonally active form of vitamin D 
with three hydroxyl groups (abbreviated 1,25-
(OH)2D3 or simply 1,25(OH)2D). It increases the 
level of calcium (Ca2+) in the blood by increasing the 
uptake of calcium from the gut into the blood, by 
decreasing the transfer of calcium from blood to the 
urine by the kidney, and increasing the release of 
calcium into the blood from bone.

CD	 Cluster of differentiation.
CERT	� Center for Education & Research on Therapeutics: an 

entity established and funded by AHRQ with the 
charge of conducting research and providing education 
with the goal of advancing the optimal utilization of 
treatment modalities, devices, technologies, and 
products, with full awareness of cost/benefit and risk/
benefit considerations.
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Comparative	 Systematic analysis and comparison of treatment  
effectiveness analysis	� effectiveness, as defined as cost/benefit and risk/

benefit among several treatment alternatives. The 
Institute of Medicine defined (2009) comparative 
effectiveness research and analysis as “the generation 
and synthesis of evidence that compares the benefits 
and harms of alternative methods to prevent, diag-
nose, treat, and monitor a clinical condition or to 
improve the delivery of care. The purpose of CER is 
to assist consumers, clinicians, purchasers, and policy 
makers to make informed decisions that will improve 
health care at both the individual and population 
levels.”�

CONSORT	 Consolidated standard for randomized trials.
COX-2	� Cyclooxygenase 2, an inducible prostaglandin-

endoperoxide synthase 2 that acts both as dioxyge-
nase and as a peroxidase.

CRCSR	 cf., Clinically relevant complex systematic reviews.

DABAs	� Dual action bone agents, which act by stimulating the 
proliferation of osteoblasts, and inhibiting the 
proliferation of osteoclasts.

Distraction osteogenesis	� A surgical intervention used to reconstruct skeletal  
deformities primarily of the long bones, as well as  
deformities of the maxillary and mandibular bones.

DMARDs	 Disease-modifying antirheumatic drugs.

EBPC	� Evidence-Based Practice Center: an entity established 
and funded by AHRQ with the charge of: (1) develop-
ing evidence reports (cf., evidence reviews), (2) 
evaluate technology assessments, (3) assess relevance 
to clinical, social science/behavioral, economic, and 
related issues, with the goal of becoming “science 
partners” in an effort to improve the quality, effective-
ness , and appropriateness of healthcare interventions.

EQUATOR	� Enhancing the quality and transparency of health 
research: a collaborative international initiative 
dedicated to enhancing the quality and transparency 
of health research set-up specifically to advance high 
quality reporting of health research studies, and to 
promote good reporting practices including the wider 
implementation of reporting guidelines.

ETA-1	 Early T-lymphocyte activation-1; cf., osteopontin.
Evidence reviews	� Critical summaries of systematic reviews evidence 

reports.
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Fauces	� Two distinct mucous membrane structures that signify  
the posterior aspect of the oral cavity: anteriorly, the  
palatoglossal arch, and posteriorly, the palatopharyn-
geal arch. The fauces guard the organism from 
invasion of pathogens by means of the Waldeyer ring, 
named after the German anatomist Heinrich Wilhelm 
Gottfried von Waldeyer-Hartz (1836–1921), the ring 
of lymphoid tissue around and about the naso- and 
oro-pharynx (i.e., from superior to inferior, pharyn-
geal tonsils, Eustachian tubal tonsils, palatine tonsils 
lingual tonsils).

Gasserian nucleus	� Also known as the trigeminal, or semilunar ganglion:  
a sensory ganglion of the trigeminal nerve of the 
Meckel’s cavity within the dura mater, and that covers 
the trigeminal impression near the apex of the petrous 
part of the temporal bone, whence emerge the 
ophthalmic, maxillary, and mandibular branches of the 
trigeminal nerve, Cranial nerve V. Named after the 
Austrian anatomist Johann Lorenz Gasser 
(1723–1765).

Gingymal joint	� A joint that moves primarily in one plane only, such as 
the temporomandibular joint.

gp120	� HIV envelope protein, glycoprotein with a molecular 
weight of 120 kD. Gp120 is essential for virus entry 
into CD4+ cells as it seeks out the CD4 moiety on T 
lymphocytes, to which it binds by electrostatic, van 
der Waals interactions and hydrogen bonds, thereby 
permitting a port for entry of HIV into CD4+ cells. 
For obvious reasons, gp120 is the target of concerted 
research efforts toward the development of anti-HIV 
vaccines.

GRADE & Ex-GRADE	� Grading Recommendations Assessment, Development 
and Evaluation, and its expanded revision: instrument 
that permits the identification of the best available 
evidence for reporting in systematic reviews, and for 
integration in revised clinical practice guidelines.

HAART	 Highly active antiretroviral therapy.
Harvesian system of 	 Osteons together form the Harvesian system, named  
canals	� after the British physician and anatomist Clopton 

Havers [1657–1702]. Each osteon consists of concentric 
lamellae of bone matrix that surround the central 
Harvesian canal. These microanatomical structures 
form canal-like structures, the Haversian canals.  
Blood vessels and nerves course the canals, and thusly 
penetrate the bone tissue.
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Health-Care Bill	� The Affordable Health Care for America Act (or HR 3962) 
was crafted by the United States House of Representatives 
in November 2009. On December 24, 2009, the Senate 
passed an alternative healthcare bill, the Patient Protection 
and Affordable Care Act (H.R. 3590), which became a law 
on March 23, 2010. It was shortly thereafter amended by 
the Health Care and Education Reconciliation Act of 2010 
(H.R. 4872), which became a law on March 30, 2010. The 
law, signed by President Obama, provides for the phased 
introduction over 4 years of a comprehensive system of 
health insurance with reforms, aimed at ensuring health-
care coverage for the large majority of US citizens.

HIV	 Human immunodeficiency virus.
Hyoid bone	� Rests at the level of the base of the mandible in the front 

and the third cervical vertebra behind, and provides 
attachment to the muscles of the floor of the mouth and 
the tongue above, the larynx below, and the epiglottis 
and pharynx behind.

IKK	 Inhibitor of NF-kB kinase.
Inferior nasal concha	� Extends horizontally along the lateral wall of the nasal 

cavity, posteriorly to articulate with the conchal crest of 
the palatine bone, anteriorly to articulate with the 
conchal crest of the maxilla.

Integrin	� The IkB kinase enzyme is part of the complex upstream 
of the NF-kB signal transduction cascade. It phosphory-
lates the inhibitor of k B protein, and thus liberating it 
the NF-kB transcription factor, and unmasking its 
nuclear localization signals.

IRIS	� Immune reconstitution inflammatory syndrome: a spectrum 
of immunological abnormalities consequential to immune-
directed therapies in HIV-seropositive & AIDS-afflicted 
patients. It is characteristically an immunopathology 
determined by a deregulated immune surveillance activity, 
and manifested as responses to a previously acquired 
opportunistic infection with an overwhelming inflamma-
tory response that paradoxically makes the symptoms of 
infection worse. In IRIS, the CD4 count rapidly increases 
following overeffective immunotherapy, and the associated 
sudden increase in the inflammatory response produces 
nonspecific symptoms such as fever, and can in some cases 
exacerbate damage to the infected tissue. Patients are at 
risk for IRIS when infected with HIV, cytomegalovirus,  
herpes zoster, Mycobacterium avium complex, 
Pneumocystis pneumonia, or Mycobacterium tuberculosis. 
AIDS patients are at increased risk for IRIS when HAART 
is first initiated.



108 Glossary

JNK	 c-Jun N-terminal kinase.

Malar	 Related to the cheekbones.
MALDI-TOF	� A variation of SELDI-TOF, where the protein or peptide 

sample is mixed with the matrix molecule in solution and 
small amounts of the mixture are deposited on a surface and 
allowed to dry. The sample and matrix co-crystallize as the 
solvent evaporates.

Mandible	� Articulates with the two temporal bones at the temporoman-
dibular joints, complex synovial joints (i.e., gliding or 
arthrodial) whose motion, while considerable occurs in one 
plane only (i.e., hindge or gingymal), and which suffer from 
several dysfunctions, including inflammatory osteoarthritis, 
with significant local and systemic sequelae.

Maxilla	� Conists of the alveolar processes that hold the upper teeth, 
and its articulation laterally to the zygomatic bones, in 
addition to remarkable features, such as the zygomatic 
process, the frontal process, the palatine process, the 
infraorbital foramen, and the maxillary sinus.

Meckel’s cartilage	� The cartilaginous bar of the mandibular arch, identified in 1821 
and named after its discoverer, the German anatomist Johann 
Friedrich Meckel (1781–1833). The Meckel’s cartilage is a 
mandibular process that comes to form a cartilaginous “model” 
of the mandible as a cartilaginous bar of the mandibular arch.

Meta-analysis	� Statistical protocol aimed at combining the outcomes of 
multiple homogeneous studies. Homogeneity (aka, consis-
tency) is tested by the X2-derived Cochran Q test or the I2 
test. Whereas, Cochran Q has low power in meta-analyses 
that combine few studies (n low), and excessive power 
when n is high, the I2 test quantifies the amount of variation 
(i.e., heterogeneity, inconsistency in outcome) in results 
across studies beyond that expected by chance (i.e., akin to 
a coefficient of agreement). I2 represents the percentage of 
total variation (i.e., akin to shared variance) in estimated 
effects across studies that is attributable to heterogeneity 
(i.e., lack of consistency) rather than chance alone. When n 
is low (i.e., low power), it is appropriate to report the extent 
of uncertainty associated with I2 in the form of CI

95
.

MMP	� Matrix metalloproteinases: a family of proteolytic enzymes 
with either zinc or cobalt conjugated with the protein structure 
in their active site at three characteristics sites usually 
involving histidine, glutamate, aspartate, lysine, or arginine as 
possible ligands. The fourth position is usually a labile water 
molecule. They may be either exo- or endopeptidases. 
Metalloendopeptidases are responsible for processing the 
extracellular matrix (hence, MMP nomenclature), and play an 
important role in cell migration and tumor metastasis.



109Glossary

NFAT	 Nuclear Factor of Activated T cells.
NICE	� National Institute for Health and Clinical Excellence: 

independent UK organization that aims at providing 
evidence-based and comparative effectiveness guidance 
for promoting good health and preventing and treating 
ill health.

ODF	 Osteoclast differentiation factor. Cf, RANKL.
OPG, osteoprotegerin	� A member of the TNF family of cytokines, which can 

inhibit the production of the bone resorbing cell 
population, the osteoclasts, by inhibiting the differentia-
tion of osteoclast myeloid precursors derived from 
granulocyte/macrophage-forming colony units. 
Osteoprotegerin is a RANK homolog, and works by 
binding to RANKL, thus blocking RANK-RANKL 
signal. Of note in the context of translational evidence-
based osteoimmunology is the observation that produc-
tion of OPG is stimulated in vivo by estrogen, and by 
strontium ranelate, a drug used to combat osteoporosis 
and to build bone mineralization.

OPGL	 Cf, RANKL.
ORCA	� Organizational Readiness to Change Assessment: an 

instrument designed to assess and validate PARiSH.
Osteochondropathy	 Disease of the bone and cartilage.
Osteoarthritis	� Degenerative arthritis or degenerative joint disease, a 

group of mechanical abnormalities involving inflamma-
tion and consequential degradation of joints, articular 
cartilage, and subchondral bone.

Osteoblast	� Fibroblast-like cells that are responsible for bone 
creation.

Osteocalcin	 cf., BGLAP
Osteochondroma	 Benign tumor of cartilage and bone.
Osteoclast	� Myeloid-like cells responsible for bone degradation and 

resorption.
Osteoid	� The unmineralized, organic portion of the bone matrix 

that forms prior to the maturation of bone tissue begun 
by osteoblasts.

Osteonecrosis	� Cellular death of bone tissue (for example, due to lack 
of blood supply; avascular necrosis).

Osteon	� Compact cortical bone is composed of cylindrical units 
of bone structure, the osteons, with a dimension of circa 
0.2 mm in diameter.

Osteopontin	� Extracellular SIBLING protein produced by osteoblasts, 
which acts both in bone regeneration and immune 
regulation processes.



110 Glossary

Osteoporosis	� Pathological condition of bone where the bone mineral density 
is reduced, bone microarchitecture is disrupted, and the amount 
and variety of proteins in bone is altered.

Palatine bone	� Forms what is commonly known as the hard palate, and 
articulates with six bones of the deep face, important for the 
internal structure of the oral cavity: the sphenoid, ethmoid, 
maxilla, inferior nasal concha, vomer bones.

PARiSH	� Promoting Action on Research Implementation in Health 
Services: a healthcare framework that is widely promoted to 
implement evidence-based clinical practices.

PI	 Protease inhibitors.
PICO question	� The initial step in conducting a systematic review involves setting 

the research question, which carefully defines the clinical 
problem and the patient population (P), the interventions (I) to be 
contrasted (C), and the clinical outcome (O) of interest.

PRISMA	� Preferred Reporting Items for Systematic Reviews and Meta-
analyses.

PTEN	� Phosphatidylinositol-3 kinase (PI3K)-dependent Akt activation 
can be regulated through the tumor suppressor phosphatase and 
tensin homolog.

PTH	 Parathyroid hormone.
PTH-rP	 PTH-related protein.

QALY	� Quality-Adjusted Life Years: a measure of disease burden, 
including both the quality and the quantity of life lived. QALY 
is based on the number of years of life that would be added by 
the intervention. Each year in perfect health is assigned the 
value of 1.0 down to a value of 0.0 for death, and years not be 
lived in full health are given a value between 0 and 1. This 
measure is common in utility-based decision-making, particu-
larly in the context of incremental cost-effectiveness (ICER) 
ratios.

QUOROM	 Quality of Reporting of Meta-analyses.

RANK	� Receptor Activator of Nuclear Factor kb, a type I membrane 
protein expressed by osteoclasts and dendritic cells, and involved 
in bone resorption and the facilitation of immune signaling.

RANKL	� Receptor activator of the nuclear factor-kb, ligand for Research 
Synthesis.

ROR	 Retinoic acid-related orphan receptor.

SELDI-TOF	� Surface-enhanced laser desorption/ionization (SELDI), time-of-
flight (TOF) is an ionization method in mass spectrometry that 
is used for the analysis of protein mixtures for the purpose of 
the identification of specific diagnostic and prognostic biomark-
ers. The analysis is based upon spotting the protein mixture on a 
surface modified with a chemical functionality.
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SERMs	 Selective Estrogen Receptor Modulators.
Sharpey’s fibers	� Also known as bone fibers, or perforating fibers, they form 

a matrix of collagenous fibrous tissue that adheres perios-
teum to bone. The fibers are in the outer layer of perios-
teum, and penetrate into the outer circumferential and 
interstitial lamellae of bone tissue. In the maxilla and 
mandible, these fibers signify the terminal ends of the 
periodontal ligament that interconnect the cementum and 
the periosteum of the alveolar bone. They are named after 
the Scottish anatomist William Sharpey (1802–1880), who 
first described them in 1846.

SIBLING	� Small integrin-binding ligand, N-linked glycoproteins, 
bone sialoprotein (60–80 kDa).

SOCS3	 Suppressor of cytokine signaling family member 3.
SORT	� Strength of Recommendation Taxonomy: important 

validated instrument to evaluate the quality of evidence 
and the strength of recommendations.

Splanchnocranium	 i.e., Facial skeleton, also refererred to as viscerocranium.
Stat1	� Signal Transducers and Activators of Transcription family  

member 1.
Stomatology	� Specialty of medicine that addresses the mouth and its 

associated diseases, and their oral and systemic sequelae.
Stomodeum	� Emerging mouth pit from the pericardium and the forming 

pharyngolaryngeal structures in the first pharyngeal arch. 
This structure will first arise as a depression between the 
developing structures that will become the brain and the 
pericardium.

STREGA	 Standards for reporting of genetic association.
STRICTA	� Standards for reporting interventions in clinical trials of 

acupuncture, and more generally, complementary and 
alternative medicine (e.g., Ayurvedic medicine).

STROBE	� Standards for reporting of observational studies in 
epidemiology.

Synarthrodial joint	 Immovable joints.
Systematic reviews	 The published report of a research synthesis study.

T-bet	 Retinoic acid-related orphan receptor (ROR)gt.
T-CRCSR	� Translational clinically relevant complex systematic 

reviews.
TACE	 TNFa-converting enzyme, a metalloprotease.
TAK	 TGF-b-inducible kinase.
TMD	 Temporomandibular joint disorder.
TNF	 Tumor necrosis factor-a.



112 Glossary

TOF	� Time-of-flight analysis used in SELDI and MALDI. TOF is 
a method of mass spectrometry analysis in which ions 
mass-to-charge ratio is determined via a time measurement. 
Ions are accelerated by an electric field of known strength. 
The acceleration produces an ion that has the same kinetic 
energy as any other ion with the same charge. The velocity 
of acceleration of the ion depends on its mass-to-charge 
ratio, and the time employed by the particle to reach the 
detector placed at a known distance is a function of the 
mass-to-charge ratio of the particle, such that lighter 
particles travel faster. These measurement of time traveled 
permit the computation of the ion’s mass-to-charge ratio, 
based upon the known experimental parameters.

Tori	 Bony protrusions in the palate or mandible.
TRAF	 TNF-a Receptor-Associated Factor.
TRANCE	� Tumor Necrosis Factor [TNF]-related activation-induced 

cytokine. Cf., RANKL.
TRIP	 Process of translating research into practice.
TTRIP	� The process that seeks the integration of translational 

research into the practice reality.

VitD	 1a,25-dihydroxyvitamin D3.
Volkmann’s canals	� Volkmann’s canals are named after the German physiolo-

gist and anatomist Alfred Wilhelm Volkmann (1800–1877). 
They constitute channels that are alternative to the 
Harvesian canals to provide a route for blood vessels and 
nerves to reach the principal osteonal canal and bring 
nutrients to the bone. Volkmann’s canals cross-link together 
into a network that interconnects the Harvesian canals 
across different osteons.

Vomer bone	� A thin, somewhat quadrilateral bone situated in the median 
plane that forms the hinder and lower part of the nasal 
septum. Along its two surfaces run the nasopalatine groove 
obliquely downward and forward to aid the nasopalatine 
nerve and vessels. Its inferior border articulates with the 
crest formed by the maxilla and palatine bones.

Waldeyer ring	 See fauces.

Zygomatic bones	� Play a critical structural role as they articulate with the 
maxilla, the temporal bone, the sphenoid bone, and the 
frontal bone. The malar aspect presents the zygomaticofacial 
foramen for the passage of the zygomaticofacial nerve and 
vessels; the temporal aspect supports articulation with the 
maxilla, and forms the anterior boundary of the temporal 
fossa, the lower a part of the infratemporal fossa, an irregu-
larly shaped cavity, situated below and medial to the zygo-
matic arch, and bounded laterally by the ramus of mandible.
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Notes

Activin-like kinase-2 (ALK2) is also referred to as Activin A receptor, type I 
(ACVR1) because it is encoded by the ACVR1 gene on chromosome 2q23-q24. It 
belongs to the transforming growth factor (TGF)-b superfamily of structurally 
related signaling proteins, and operate via transmembrane signals through a het-
eromeric complex of receptor serine kinases that can include at least two type I 
(I and IB), which determine the signaling events, and two type II (II and IIB) 
transmembrane receptors, which are responsible for binding the ligands and for 
regulating the expression of the type I receptors. Together, these receptors form a 
stable complex following binding of the ligand to the extracellular cysteine-rich 
domain. Formation of this complex induces phosphorylation with predicted serine/
threonine specificity of type I receptors by type II receptors at the cytoplasmic 
domain (ten Dijke et al. 1993).

Apoptosis (Gk: apo: from; ptosis: falling) refers to the process of programmed cell 
death first described by the German cytologist Carl Christoph Vogt (1817–1895) in 
1842, and further characterized in greater details morphologically in 1885 by 
Walther Flemming (1843–1905), the German cell biologist renown for his first 
characterization and description of chromatin 3 years earlier (1882). In 1965, the 
Australian electron microscopist, John Kerr distinguished apoptosis from necrotic 
cell death, a process by which a cell dies as a result of toxicity, stress, or other 
traumatic challenges in which the cellular debris can damage the organism. In con-
trast to necrosis, where cell death results from acute cellular injury, apoptosis, in 
general, confers advantages during an organism’s life cycle. Sydney Brenner, 
Horvitz, and John Sulston shared the 2002 Nobel Prize in Medicine for their char-
acterization of the process of apoptosis. Apoptosis entails a set of well-defined 
biochemical events that lead to characteristic cell and nuclear changes, and death in 
a well-orchestrated and programmed pattern of events (e.g., blebbing, loss of cell 
membrane asymmetry and attachment, cell shrinkage, nuclear fragmentation, chro-
matin condensation, and chromosomal DNA fragmentation).

Cluster of differentiation (CD) refers to membrane glycoproteins used for the 
identification and investigation of cell surface molecules expressed on white blood 
cells (leukocytes), originally. In more current usage, CD molecules are recognized 
on stem cells that may differentiate into cells other than immune cells, and, by 
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extension, in differentiated cells of other systems. The membrane glycoproteins 
that are identified as CD are endowed with a variety of functions, including 
receptors, coreceptors, or ligands. The signal cascade that is initiated at the CD 
alters cell adhesion and migration properties, activation, proliferation, matura-
tion, or programmed cell death (=apoptosis). The CD nomenclature was estab-
lished at the first International Workshop and Conference on Human Leukocyte 
Differentiation Antigens (Paris 1982). As of now, the ninth International 
Conference on Human Leukocyte Differentiation Antigens-HLDA9 (Barcelona 
2010), the number of identified CD has risen to 363 (CD363, sphingosine-1-
phosphate receptor 1). The CD system is commonly used as cell markers to 
define cell populations based on function, degree of maturation, extent of activa-
tion, etc. CD34, for example, is a cell surface glycoprotein that functions as a 
cell–cell adhesion factor, and mediates the attachment of stem cells to bone mar-
row extracellular matrix or directly to stromal cells. CD34 is expressed on early 
hematopoietic and vascular-associated cells, and acts as an important adhesion 
molecule required for T cells to enter lymph nodes. In that sense, CD34 is one 
example of a critical CD glycoprotein that bridges bone and immune metabolism 
in the osteoimmune context discussed here.

Comparative effectiveness analysis is a process first developed by mathematicians 
and programmers to help those individuals make decisions for allocation of bene-
fits, when markets and price signals were all but inaccessible. The principal use of 
comparative effectiveness analysis in that context was to guide decision-makers in 
making efficient allocation of goods and services. That is the reason why, when 
applied to health care, comparative effectiveness analysis is based on the assessment 
of the incremental cost and effects that result from choosing this vs. that strategic 
option (e.g., early childhood vaccination vs. no vaccination in light of reported rise 
in autism incidence). Thus, the purpose of comparative effectiveness analysis in 
health care is to assist the clinical decision-maker in determining how to allocate 
resources and services across competing needs to maximize beneficial health out-
comes within a constrained budget. Often, decisions are aided by transformations 
of incremental costs per incremental quality-adjusted life years (QALYs2), which 
incorporate changes in both length and quality of life. Cost-to-QALY ratios estimate 
the extra cost required to achieve one additional quality-adjusted life year. In brief, 
a full comparative effectiveness analysis examines costs relative to quality of life, 
based on the allocation of a fixed budget across the competing interventions, and 
yields insight into the relative economic attractiveness of a given therapy, 
technology, or product. Whereas, it is incapable of incorporating societal value 
judgment or personal assessments (e.g., patient satisfaction), it is useful because it 
successfully disaggregates cost-consequence issues (Detsky and Laupacis 2007). As 
part of the 2009 American Recovery & Reinvestment Act (ARRA, PL-111-5), 
$1.1B were allocated for comparative effectiveness research &  analysis. 

2 www.nice.org.uk/newsroom/features/measuringeffectivenessandcosteffectivenesstheqaly.jsp.

http://www.nice.org.uk/newsroom/features/measuringeffectivenessandcosteffectivenesstheqaly.jsp
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One  hundred  topics of urgent need were identified. Within the first quartile, one 
finds inflammatory diseases, including rheumatoid arthritis. Within the second 
quartile, one finds issues relating to the use of biphosphonates, osteopenia, vertebral 
fractiures, etc. Within the ultimate quartile of relevance and urgency, one finds stud-
ies of osteoarthritis.

Metalloproteases constitute a family of proteolytic enzymes, which are endowed, 
as the most prominent functional group in their active site, of either zinc or, less 
often cobalt, conjugated with the protein structure at three characteristics sites 
usually involving histidine, glutamate, aspartate, lysine, or arginine as possible 
ligands, and utilizing the fourth coordination position as a labile water molecule. 
Metalloproteases are generally either exopeptidases (EC 3.4.17) (i.e., metallocar-
boxypeptidases), or endopeptidases (EC 3.4.24). Metalloendopeptidases are 
responsible for processing the extracellular matrix, and thus play an important role 
in cell migration (e.g., lymphocyte homing), and tumor metastasis. Specifically, 
matrix metalloproteinases (MMPs) are predominantly zinc-dependent endopepti-
dases, and belong to the larger family of proteases known as the metzincin super-
family. They degrade extracellular matrix proteins, but also can process bioactive 
molecules. They can cleave cell surface receptors for the release of apoptotic 
ligands (e.g., FAS ligand), chemokines, cytokines, and growth factors. Hence, MMPs 
can regulate cell behavior (e.g., activation, proliferation, migration, differentiation, 
apoptosis), as well tissue and system performance (e.g., angiogenesis, immune 
defense, bone remodeling) (Bovée et al. 2010).

The major histocompatibility complex (MHC) is a large genomic region on chro-
mosome 6 in humans that encodes MHC molecules, and defines “self” in terms of 
the immune surveillance processes. Stated simply, MHC molecules inside the cell 
take a biochemical fragment (i.e., “nonself”) into a groove defined by the MHC 
tertiary structure, and display the fragment on the cell surface in a manner that is 
read by the immune system as “self+nonself.” T cells are educated in the thymus 
to recognize “self” and to distinguish “self” from “self+nonself”; thus, T cells, 
under normal conditions, respond to presentation of “self+nonself” by a concerted 
activation process that, when productive, leads to T cell proliferation (i.e., clonal 
expansion), and maturation (i.e., from a virgin/naive T cell [CD4/CD8+CD45RA+] 
to a memory T cell [CD4/CD8+CD45R0+]) capable of specific cytokine responses 
(e.g., TH1, TH2) and engagement of specific pathways of immune surveillance 
responses. There are two principal classes of MHC molecules: MHC Class I is 
found on all cells and present elements of virally infected cells and tumor cells 
(i.e., “endogenous nonself” to CD8 T cells, whose function is predominantly 
cytotoxic – that is, removal of virally infected and tumor cells. MHC Class II is 
expressed on cells that function as antigen-presenting cells (APCs), which are pri-
marily of myeloid origin (i.e., monocytes and their activated counterparts, mac-
rophages; microglia in the brain parenchyma; dendritic cells). It is important to 
recall the shared myeloid origin of APCs and osteoclasts, in the context of this writ-
ing. Upon invasion by a pathogen, that foreign organism is processed by APCs, and 
fragments thereof associate with MHC Class II components intracytoplasmically. 



116 Notes

These “self+nonself” complexes are translocated to the plasma mambrane, where 
they are presented to CD4 T cell, which primarily acts as helper T lymphocytes by 
engaging and promoting an antigen-dependent immune response. A third class of 
MHC has been described, MHC Class III, which includes genes coding several 
components of the complement system (e.g., C2, C4) and pro-inflammatory or 
heat-shock molecules. Whereas, MHC Class III clearly does not function similarly 
as either MHC Class I or II; it also sits on chromosome 6, and for this reason they 
both are frequently described together.

Osteopontin, aka bone sialoprotein I (BSP-1), or the early T-lymphocyte activation 
(ETA-1), or secreted phosphoprotein 1, is a 33-kDa SIBLING glycoprotein encoded 
by SPP1 on chromosome 4. In bone remodeling, it mediates anchoring osteoclasts 
to the mineral matrix of bones, and serves to initiate the process by which osteo-
clasts develop their ruffled borders to begin bone resorption (Merry et  al. 1993; 
Choi et al. 2008). In the immune system, it is a pleiotropic cytokine expressed by 
activated T cells, dendritic cells, and macrophages and is upregulated during 
inflammation (Morimoto et  al. 2010). It binds to several integrin receptors (e.g., 
a4b1, a9b1, and a9b4) expressed by leukocytes, thus mediating immune cell 
adhesion and migration, in addition to immune cell activation, cytokine production, 
and immune cell survival by regulating apoptosis (Wang and Denhardt 2008). It is 
considered at this juncture a critical osteoimmune factor.

RANK signaling cascade is initiated when RANKL binds to the extracellular domain 
of RANK, which passes the signal along to TRAF6 (TNF receptor-associated 
factor 6). TRAF6 has various downstream mediators, which control the expression 
of osteoclast-specific genes during differentiation and activation of osteoclasts. AP-1 
is activated by signaling cascades mediated by JNK (c-Jun N-terminal kinase), and 
the phosphorylation of the inhibitor of NF-kB kinase (IKK) which leads to the acti-
vation of NF-kB. Related cascades of mitogen-activated protein kinases such as the 
TGF-b-inducible kinase TAK1 and the p38 stress kinase participate in RANK signal 
transduction. p38 is activated via the phosphorylation by MKK6 and in turn activates 
the transcriptional regulator mi/Mitf, which is responsible for the transcriptional 
control of genes encoding for the osteoclast-specific enzymes TRAP and cathepsin 
K. ERK (extracellular signal-related kinase), a downstream target of MEK1, acts as 
a negative regulator of osteoclastogenesis for ERK inhibitors that have shown to 
accelerate RANKL-induced osteoclastogenesis. The serine/threonine kinase Akt 
and the phosphatidylinositol-3-OH kinase (PI(3)K) are downstream elements of src 
and are known to mediate cell survival, motility, and cytoskeletal rearrangements by 
the activation of the MEK/ERK and Akt/NFkB pathways. AFX/FOXO4 also con-
tributes to modulate osteoclast survival (Colucci et al. 2004; Takayanagi 2007, 2009, 
2010). Moreover, the association of paired immunoglobulin-like receptor A (PIR-A) 
and OSCAR to FcRg and triggering receptor expressed on myeloid cells (TREM) 2 
and signal-regulatory protein b1 (SIRPb1) to DAP12 in osteoclast precursors is 
costimulatory signal for RANKL, since one signal by its own is not able to induce 
osteoclastogenesis (Colonna et al. 2007).
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Vitamin D
3
, here referred to as VitD, is one member of the vitamin D family3 of 

fat-soluble secosteroids, such that vitamin D without a subscript refers to either 
D

2
 or D

3
 or both. Vitamin D

1
 is the molecular compound of ergocalciferol with 

lumisterol, in equi-molar ratio. Vitamin D
4
 is 22-dihydroergocalciferol, and 

Vitamin D
5
 is sitocalciferol. Again, here we have used the consistent abbreviation 

VitD to indicate vitamin D
3
 (i.e., cholecalciferol, a derivative of cholesterol), 

which results in the skin, from the ultraviolet irradiation of 7-dehydrocholesterol. 
Production is greatest in the stratum basale (=inner most) and stratum spinosum 
(=inner) layers of the epidermal strata of the skin. Whether produced as described 
in the skin epidermis, or ingested, cholecalciferol is hydroxylated by hepatic 
microsomal enzyme vitamin D-25-hydroxylase at position 25 to form calcidiol 
(aka, 25-hydroxycholecalciferol), which is in turn metabolized to the active VitD 
form, calcitriol, by 25-hydroxyvitamin D

3
 1-alpha-hydroxylase, itself activated by 

PTH, low calcium and low phosphate levels. Calcitriol is then released in the 
circulation, where it binds to its carrier chaperon protein, vitamin D-binding pro-
tein (VDBP), which aids its binding to the vitamin D receptor at appropiate tar-
gets. The receptor, a member of the superfamily of steroid/thyroid hormone 
receptors, is primarily localized in the nucleus, and has a finely controlled trans-
location life cycle. Binding of calcitriol to the receptor engages transcription regu-
lation that modulates the gene expression of transport proteins to increase calcium 
absorption. Calcitriol engagement of this receptor also regulates cell proliferation 
and differentiation of a variety of cell populations, including myeloid precursors, 
whence osteoclasts derive, and T lymphocytes, thus underscoring the important 
role of VitD in the osteoimmune intertwined network of cross-regulatory processes 
and events.

Vladimir Mikhailovich Bekhterev (Bechterev) (20 January 1857– 24 December 
1927), Russian Neurologist. He first described Ankylosing Spondylitis or 
Bekhterev’s disease while conducting research at the University of Kazan, where 
he was the head of the Psychiatry Department (1885–1893). Note: the name of the 
disease became Bechterew’s disease in English, following the German translitera-
tion system for Russian names. Interestingly, as he was a most renowned psychia-
trist of his time, he was called by Stalin for a consult. On the Day before Christmas 
1927, Bekhterev diagnosed Stalin with “grave paranoia,” and later that same day 
Bekhterev suddenly died.

3 So named in 1921 by American biochemist Elmer Verner McCollum (1879–1967).
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