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Preface

The European Society of Translational Medicine defines translational
research as “an interdisciplinary branch of the biomedical field supported by
three main pillars: bench-side, bedside and community” [1]. In Wikipedia it
is defined as follows: “As a relatively new research discipline, translational
research incorporates aspects of both basic science and clinical research,
requiring skills and resources that are not readily available in a basic labora-
tory or clinical setting.” In other words, translational research brings innova-
tion and discoveries from laboratory to the clinic.

Traditionally, dental and oral health-related research has been discipline-
driven where characteristically a holistic view often has been lacking. More
recently, however, the old “silothinking” has been abandoned and an interdis-
ciplinary research has become the norm in many areas. Truly translational
research, however, has been rare in dental research.

This book is the first to be devoted to translational research within the field
of oral health. The aim is to expedite the transfer of knowledge gained in the
laboratory to clinical practice. It is examined how basic sciences and basic
research are providing new methods and materials that will enable clinicians
to treat patients more effectively. Readers will gain a translational perspective
on a variety of oral conditions and related systemic diseases. The importance
of evidence-based research and the roles and comparative value of preclinical
and clinical trials are highlighted. Knowledge of translational and clinical
research is essential in understanding how new inventions and discoveries are
being accomplished, and what regulations and guidelines need to be taken
into account when planning studies, and not forgetting the ethical aspects of
any research. Translational Oral Health Research is the first book to be
devoted entirely to the subject, and it will be of interest to both researchers
and clinical practitioners.

Finally, I herewith want to acknowledge all the authors who have contrib-
uted to this book. We were most happy to get the leading experts in their fields
to share with their knowledge.

Helsinki, Finland Jukka H. Meurman
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Translational Research in the Oral
Health Sciences

Jocelyne S. Feine

Abstract

From basic biomedical through implementa-
tion science, the goal of health research is ulti-
mately to improve the health of populations.
In this chapter, translational health research is
defined and its rationale described. A variety
of cross-disciplinary, or team science,
approaches to study complex health issues are
also described; these include multidisci-
plinary, interdisciplinary, and transdisci-
plinary collaborations. While there is a broad
and general acceptance of team science, aca-
demic institutions and funding agencies are
still in the process of developing appropriate
benchmarks that will enable the assessment of
the contributions of individual researchers
involved in team science, as well as promoting
initiatives to encourage and sustain these types
of research teams.

J. S. Feine, D.D.S., M.S., HD.R., EC.A.-H.S
Oral Health and Society Division, Faculty of
Dentistry, McGill University, Montreal, QC, Canada

Department of Epidemiology and Biostatistics,
Faculty of Medicine, McGill University,
Montreal, QC, Canada

Department of Oncology, Faculty of Medicine,
McGill University, Montreal, QC, Canada
e-mail: jocelyne.feine @mcgill.ca

The primary aim of government funding for bio-
medical research is to improve the health of the
population. While health research over the past
decades has significantly increased life spans and
improved population health, it is also recognized
that scientific discoveries do not always translate
to health [1]. Furthermore, those discoveries that
do manage to reach clinical practice become
obsolete relatively fast, since the length of time
needed to move discoveries forward in the trans-
lation process is very long [2]. Thus, govern-
ments and funding agencies are encouraging
scientists to take different approaches to research
that will enhance and accelerate knowledge and
product translation. The primary framework that
has been proposed to accomplish this is through
translational research [3, 4].

Definition of Translational
Research in the Biomedical
Sciences

1.1

The exact definition of biomedical translational
research is still being debated [5]. However, to
put it simply, biomedical translational research
is the concept of “bench to bedside,” a unidirec-
tional view that has since been expanded to rec-
ognize the fact that translation can (and does)
occur bidirectionally among the five steps of the
continuum (Fig. 1.1) [6, 7]. In fact, the impetus
for much of our basic research (apart from pure
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Fig. 1.1 This figure depicts the four translational phases in the biomedical research translation continuum (T1-T4) and
provides examples of methodological approaches that are used within each phase

discovery research) is buttressed by clinical and
epidemiologic evidence of the impact of various
diseases on individuals and populations.

Most models of the biomedical translational
research continuum illustrate a path for product
development. The model shown in Fig. 1.1
depicts five steps (in blue) that range from “Basic
Science Discovery” to “Public Health Impact.”
Translation occurs between each of these and can
move in both directions. The boxes below the
blue steps are descriptions of some of the types of
research approaches that are used in each step.

Following this model, let’s consider the exam-
ple of a vaccine to prevent dental caries:

Basic science research uses a variety of labo-
ratory methods to test various component(s) in
the development of a vaccine product. This prod-
uct is then tested in animals to determine whether
it works in the intended manner, what concentra-
tion appears to be effective, and what, if any, side
effects occur.

If it appears that the product is safe and effec-
tive in an animal model, then T1 (translation to
humans) occurs. The product is tested in a few
humans in Phase I clinical trials to determine

safety, maximum tolerated dose (MTD), pharma-
cokinetics (what the body does to the product,
e.g., absorption, distribution, metabolism, and
excretion), and pharmacodynamics (what the
product does to the body, e.g., biochemical and
physiological effects).

Provided the Phase I testing is positive, Phase
II clinical trials are undertaken to further deter-
mine safety and effectiveness. These involve very
small groups of the vulnerable population(s); in
the example of a caries vaccine, this population
could be made up of those who are at a high risk
for caries, i.e., young children or older people.

Following this, T2 can begin, involving trans-
lation to Phase III randomized clinical trials. In
these studies, the vaccine is tested in a larger
group of vulnerable people who are randomly
assigned to either the experimental or to a control
group (placebo or a standard treatment).

If the experimental treatment (vaccine) is
shown to be superior to the control, then the T3
translation to clinical practice can be initiated.
This is when knowledge translation becomes
highly important, because changing clinical prac-
tice is an enormous undertaking. Thus, efforts in
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training dental students and the development of
technologies/methodologies that can assist den-
tists in successfully carrying out evidence-based
practice are crucial to this translational process.

Once the new vaccine is accepted and used by
dentists, then T4 (from clinical practice to the
community) is initiated. Efforts aimed at imple-
mentation of programs to deliver the vaccine can
be developed and tested; furthermore, the effects
of the vaccine on the incidence and prevalence of
caries in large populations can be determined,
including economic analyses for the most cost-
effective preventive programs.

1.2  WhatIs Needed to Carry Out
Biomedical Translational

Research?

The most viable way to facilitate research trans-
lation is through research collaborations with
those in other disciplines who are interested in
investigating the same topic [8]. “Collaborative
methods for scientific research are increasing in
importance as scientists are tasked with research-
ing the world’s most complex problems. The com-
plexity of these issues requires scientists to
transcend their own disciplinary boundaries and
create teams to assess the interconnected net-
work of systems associated with the problem’ [9].
Known as “cross-disciplinary” or “team science,”’
these collaborative approaches can be multidisci-
plinary, interdisciplinary, and transdisciplinary
[10]. The terms are distinct from one another in
the following ways:

Multidisciplinary—This is team science
research in which a health condition is studied by
experts within their own discrete disciplines,
individually following separate protocols either
independently or sequentially. Although these
researchers meet together in order to redefine
problems and develop more comprehensive
assessments of the health condition, each remains
fully entrenched in his/her own disciplinary
approach [11].

Interdisciplinary—This is also team science
research in which a health condition is examined
by experts in discrete disciplines. However, these

experts work together to develop and carry out
protocols that incorporate the conceptual and
methodological approaches inherent to each of
their respective fields [11].

Transdisciplinary—Transdisciplinary
research is posited to be the highest level of col-
laboration among scientists [9]. “It is an integra-
tive process in which researchers work jointly to
develop and use a shared conceptual framework
that synthesizes and extends discipline-specific
theories, concepts, methods, or all three to create
new models and language to address a common
research problem” [8].

For expert scientists to succeed in translating
their research, it is important for them to under-
stand the translational research process, in addi-
tion to having a general understanding of other
research approaches along the translation con-
tinuum [12]. One can easily begin the process by
asking a colleague from a different discipline
how she/he thinks about a particular oral health
condition. Conversations like these can inspire
ideas for team research projects.

1.2.1 Graduate Student Training

A key ingredient to successful change in research
practice is through graduate training. Potential
graduate trainees should be screened to deter-
mine whether they have the necessary personality
characteristics for translational research; this
includes having the ability to communicate and
collaborate with others.

Disis has described the qualities of graduate
trainees who would be successful in transdisci-
plinary research. “Future translational research-
ers of all ages must be adaptable, life-long
learners. They have to be highly curious about a
lot of different things, collecting data and ideas
from the basic literature and creatively applying
these to disease solutions. This means being out-
side your comfort zone, reading literature that is
way outside your field” [13].

What skills do we need to instill in our gradu-
ate students that will encourage and prepare them
for translational research success? The first step
is to give graduate trainees a solid understanding
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of their own and other disciplines, along with the
vocabulary used in the language of these disci-
plines. Since mastering one discipline is very
time-intensive and is still the primary goal in our
present models of graduate training, we need to
develop teaching paradigms that will provide our
graduate trainees with a comprehensive knowl-
edge of other disciplines in an efficient manner.
This will enable our new researchers to commu-
nicate effectively with researchers from many
different disciplines in order to enable them to
successfully lead or participate in team science
groups.

For example, a team science course can be
designed in which researchers from a variety of
disciplines will describe the theoretical underpin-
nings, including how each of their disciplines
develops hypotheses, the ethical issues specific to
each, methodological approaches, analytic tech-
niques, interpretation of findings, knowledge
translation, etc.

Along with associated readings and group
assignments, the student will be better equipped to
expand his/her thinking about specific health
issues and to better determine how to address those
issues through appropriate research approaches.

Some groups have published competencies
and ideas for translational biomedical graduate
research training programs that provide knowl-
edge and skills to graduate trainees [14—17]; fur-
thermore, while there are still relatively few
active training programs, some have already been
assessed for success [16].

1.2.2 Publication of Translational
Team Science Research

Health research journals need to be prepared to
publish multiauthored translational research
reports. Adequate space for these complex reports
should also be made available. Editors should
understand that a greater number of reviewers in
the assessment of translational research reports
may be needed. If a series of reports are written
from one translational research project, the
authors may wish to publish their work in a
series. Journal editors should be open to consid-

ering a variety of publication options for these
authors. Publication of translational research is a
topic of interest for editors of journals in health
research.

The relatively new IJADR/AADR publication,
the JDR Clinical and Translational Research
(CTR), provides a platform in which oral health
translational research reports can be published.
The journal was designed specifically to allow
for multiple authorships and longer reports that
will serve the specific publication requirements
for this type of research.

1.2.3 The Role of the Institution

Universities and funders that are interested in
promoting translational research must consider
and act on a variety of issues. The process of cre-
ating and sustaining translational research teams
requires more than merely the desire of research-
ers [18]. Universities and funding agencies will
need to provide reasonable, but wholehearted,
financial and infrastructure support to make team
sciences initiatives successful.

University promotion and tenure committees
have traditionally judged the productivity of
researchers through the number and quality of
journal publications, order of authorship, and
funding, in addition to administrative and teach-
ing contributions. Team science research neces-
sarily involves teamwork in which authorship
order and contributions to protocol development
are not clearly obvious. This means that the docu-
mentation required to support an individual team
member’s tenure/promotion must include
descriptions of the team member’s role (in rela-
tion to others in the team) for every aspect of his/
her work. Universities must put effort into devel-
oping appropriate criteria and ensuring that their
committee members understand how cross-
disciplinary research teams function. Committee
members should be trained in the best ways to
judge the productivity of an investigator who car-
ries out team research. The criteria presently used
for an independent researcher who follows a
traditional discipline-specific path cannot be used
for team science investigators [19, 20].



1

Translational Research in the Oral Health Sciences

Conclusion

Translational team science research has begun.
While there remain many issues that must be
resolved, it is imperative that we begin to
think about complex oral health conditions
beyond our individual disciplinary lenses.

An understanding of the biomedical trans-
lational research framework is fundamental
for the effective investigation, development,
and uptake of new preventive strategies and
therapies to cure or mitigate disease symp-
toms. Translational research offers a platform
for the use of team science research approaches
to complex health problems in which a variety
of relevant disciplinary lenses are focused on
one particular condition.

Science is a collaborative effort. The combined
results of several people working together is often

much more effective than could be that of an indi-
vidual scientist working alone (John Bardeen [21]).
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How Cross-Disciplinary Research
Has Increased Our Understanding
of Oral Mucosal Diseases

S. J. Challacombe, H. McParland, G. Proctor,
J. F. Setterfield, M. Escudier, J. Sanderson,
B. Kirkham, G. Larkin, and P. J. Shirlaw

Abstract

Over the last 40 years, research in dental
schools has moved from a position where cli-
nicians were expected to make a scientific
contribution to their fields on their own, to a
fruitful multidisciplinary approach to answer-
ing basic questions about the disease process.
At one time, clinicians hoping to make an aca-
demic contribution were expected to learn
basic laboratory techniques in order to do so.
Indeed, the foundation of current multidisci-
plinary research was that this approach was
relatively successful. However, it became
apparent that successful high-impact contribu-
tions required expertise that cannot any longer
reside in individuals but in groups. Both the

S. J. Challacombe (P<]) - H. McParland

M. Escudier - P. J. Shirlaw

Department of Oral Medicine, King’s College
London Dental Institute, Guy’s and St Thomas’
NHS Foundation Trust at Guy’s Hospital,
London SE1 9RT, UK

e-mail: Stephen.challacombe @kcl.ac.uk

G. Proctor

Department of Mucosal and Salivary Biology,
King’s College London Dental Institute

at Guy’s Hospital, London SE1 9RT, UK

J. F. Setterfield

Department of Oral Medicine, King’s College
London Dental Institute, Guy’s and St Thomas” NHS
Foundation Trust at Guy’s Hospital,

London SE1 9RT, UK

scientific questions and the means of address-
ing them have become increasingly complex
and require a wide range of expertise. This
applies not only to laboratory-based research
but to clinically applied research. The former
needs interactions with expert nonclinical sci-
entists and the latter interactions with expert
clinicians from different fields in order to
maximise the investigation and management
of complex clinical diseases. In oral medicine,
there are now many examples of both types of
multidisciplinary — approach, which have
resulted in a marked increase in our knowl-
edge of disease mechanisms in mucosal dis-
ease which have in turn led to new approaches
to treatment.
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2.1 Introduction

In early days of dental schools, research was
undertaken by relatively few members of staff, and
they were invariably clinical academics. In many
dental schools, the research laboratories, if present
at all, were based in Departments of Oral Medicine
and Pathology or in Departments of Conservative
Dentistry (now known as Restorative Dentistry).
These researchers were expected to master basic
laboratory techniques and to apply them to their
area of investigation. Usually they spent time in
basic science laboratories to learn and master the
techniques that they would use. In microbiological
studies, for example, the clinical staff would be
attached to a Microbiology Department in the
main hospital and learn the techniques which
could be applied to their work. Usually they were
supported by skilled technical staff, but very few
dental schools had any permanent nonclinical aca-
demic staff. This was a model which was prevalent
in most schools until the 1980s, and there were
many skilled clinical academics who mastered
basic science techniques with great effect.

However, it became gradually clear that the
pursuit of detailed complex research required
greater expertise in a range of disciplines than
could be managed and combined with clinical
activities. It required experts in each of those
fields who work with clinical academics to
address translational questions and apply these
basic techniques to the clinical questions. Thus,
dental schools began to employ basic scientists to
support the research strategy in the schools to be
able to take that research to an international stan-
dard. Thus most dental schools will need to work
closely with basic scientists in the field of immu-
nology, molecular biology, microbiology, pathol-
ogy, genomics and proteomics to be able to
understand basic disease processes before they
can be applied clinically.

In the field of oral medicine, the majority of oral
mucosal diseases can be considered to be oral man-
ifestations of systemic diseases. Thus in the field of
dermatology, common diseases including lichen
planus and recurrent aphthous stomatitis as well as
less common diseases including mucous mem-
brane pemphigoid and pemphigus vulgaris can be

considered as the oral manifestations of dermato-
logical disease. It is evident that a multidisciplinary
approach of oral physicians, dermatologists and
basic scientists will be able to address challenges of
research into these diseases with more efficacy
than oral physicians alone. Similarly in gastrointes-
tinal diseases such as Crohn’s disease, coeliac dis-
ease and ulcerative colitis which can all manifest as
oral diseases, joint multidisciplinary working with
gastroenterologists, oral medicine physicians,
immunologists and other basic scientists can help
to elucidate pathogenic mechanisms.

Perhaps the most obvious area where general
progress has been made using a multidisciplinary
approach, where ophthalmologists, rheumatolo-
gists and oral medicine physicians have worked
closely and successfully together, is in Sjogren’s
syndrome. The majority of patients with Sjogren’s
syndrome presents with dry mouth, but the
majority also have dry eyes and other ophthalmo-
logical problems and rheumatoid arthritis.
Successful investigations of pathogenesis, epide-
miology and identification of different pheno-
types of Sjogren’s syndrome require a
multidisciplinary approach. Such international
collaborations have been a showcase for this
approach (Fig. 2.1; see below). Such multidisci-
plinary approaches are of obvious benefit to the
clinical management of patients as well as to
research leading to understanding of the patho-
genic mechanisms and of more effective treat-
ments applicable worldwide.

Basic Science
Research

Disease Process

Mechanisms _
Hypothesis Understanding
Samples Models

Clinical Diagnosis
Investigation
Audit

Fig. 2.1 The classical cycle of investigation, hypothesis
and experimentation in clinical research
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2.2 What Is Research in Medical

and Dental Schools?

It can be argued that research in dental schools is
actually a philosophy of investigation at a num-
ber of different levels (Table 2.1). At the clinical
level, research may be the detached analysis of
response to therapies, the continuous audit of
outcomes of treatments, the analysis of patients
and the division into clinical phenotypes, epide-
miology, etc. The second area is that of applied
research which is looking at the clinical trials, the
disease groups, the classification of disease and
the investigations using patients. This often leads
on from basic research which until recently has
been hypothesis-based investigation often of
mechanisms of disease or cell interactions but not
necessarily with an obvious clinical benefit (see
Table 2.1). Thus ideally there is a continuous
cycle of basic science research leading to disease
process understanding and models which lead to
clinical diagnosis investigation and audit which
lead to hypothesis, mechanisms and samples
which lead to basic research to understand these
and so on (Fig. 2.1). This is a modification of the
classical cycle of hypothesis to experimentation
to observation to preliminary data and back to
hypothesis.

Thus clinical and translational research pro-
gresses from basic research using cell molecules

Table 2.1 What is reseach in medical and dental schools?

A Philosophy of investigation

Detached analysis of response to therapies,
outcomes of treatments, analysis of patients,
epidemiology, etc.

Disease groups, classification. Clinical trials,
investigation using patients
Hypothesis-based investigation but not
necessarily with obvious clinical benefit

Clinical

Applied

Basic

Basic Science |:>

Fig.2.2 Clinical
research in oral mucosal
diseases

and genes, to clinical research using human research
participants and materials, (having investigated the
mechanisms, markers, drug devices and interven-
tions) (see Fig. 2.2) and then on to the application to
health and populations. This requires understanding
the barriers, the feasibility, the strategy, the effec-
tiveness and the safety as well as the quality of the
translation of this research. The ideal translation is
from bench to bedside, i.e. laboratory to human but
then from bedside to community with the evidence
allowing this to be translated into practice.

2.3 Multidisciplinary Clinics
Multidisciplinary clinics can allow the collection
of large numbers of patients with similar clinical
diseases and make much more efficient the jour-
ney from applied research to changes in clinical
practice. At Guy’s Hospital Dental School (now
King’s College London Dental Institute), multidis-
ciplinary clinics were established in the 1990s for
(a) Sjogren’s syndrome with the Departments of
Rheumatology, Ophthalmology and Immunology;
(b) orofacial granulomatosis with the Departments
of Gastroenterology, Immunology and Nutrition;
(c) bullous diseases with the Departments of
Dermatology and with Moorfields Eye Hospital,
Ophthalmology; and (d) Behcet’s syndrome with
the Department of Ophthalmology and
Rheumatology. These multidisciplinary clinics
have led to the Dental School being host to regional
centres in each of these conditions and have led to
changes in the management of several due to
research, application of findings and assessment of
clinical outcomes. It can be argued that without a
robust system of disease severity measures and of
measurement of clinical outcomes to manage-
ment, any research leading to clinical application
is unlikely to fulfil its full potential.

e Immunology
e Molecular

biology L R
«  Microbiology |:> Clinical application
e Pathology

* Genomics
e Proteomics
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Assessment of Disease
Severity and Treatment
Responses in Oral Mucosal
Disease

2.4

It is a sad truism and reflection on the field that
few oral medicine treatments are evidence-
based, even those regarded as standard thera-
pies. Until the last few years, there had been a
lack of any method to routinely assess disease
severity and thus of quantifying responses to
therapies. This led to the obvious need to devise
and validate oral disease severity scores for a
variety of conditions seen in routine clinical
practice which could also be used for assessing
treatment responses.

The benefits of a scoring system for mucosal
disease severity are that (a) they can indicate the
severity of disease, (b) they are needed to indi-
cate the efficacy of any treatments, (c) they may
distinguish between or reveal between disease
subgroups, (d) they may assist in deciding to
implement or withhold treatment and (e) they are
a routine clinical audit tool which can also be
used for research.

Any such oral disease severity scoring sys-
tems (ODSS) must be objective and must be
reproducible; they should be easy to use and they
should be widely applicable. Fortunately such
ODSS have been created and validated and are
used for recurrent aphthous ulceration [1], lichen
planus [2], pemphigus [3], mucous membrane
pemphigoid [4], orofacial granulomatosis [5] and
dry mouth assessment [6].

2.5 Bullous Diseases

A joint clinic with the Institute of Dermatology
was established in 1994 with the Oral Medicine
Department at Guy’s Hospital. The dermatolo-
gists from the Institute were Dr. Martin Black
and Dr. Jane Setterfield and from the Department
of Oral Medicine Professor Stephen
Challacombe and Dr. Pepe Shirlaw. Monthly
clinics alternated between the Dental Institute at
Guy’s Hospital and those held in the Institute of
Dermatology at St Thomas’ Hospital. Later
strong connections were made with Dr. John
Dart in the Moorfields Eye Hospital,
Ophthalmology Department, with a special
interest in mucous membrane pemphigoid. This
led in due course to the joint clinic becoming
part of a Biomedical Research Centre leading
on to clinical trials and a European collabora-
tion. The establishment of a joint clinic led in
due course to its recognition as a regional centre
and to wide geographical referral to the centre
resulting in the largest series of patients with
mucous membrane pemphigoid (MMP) and
patients with pemphigus vulgaris (PV) in the
UK (Fig. 2.3a, b).

Such richness in clinical material carries with
it an obligation to perform basic research, which
might lead to identification of clinical pheno-
types and improvement in patient management.
Greater than 20 peer-reviewed research papers
have emanated from this clinic along with Master
students in Oral Medicine and five higher degrees
(MD/PhDs).

Fig. 2.3 Clinical examples of (a) MMP involving the upper right gingivae and (b) pemphigus vulgaris in the healing

phase in the right buccal mucosa
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Notable achievements coming from this
research include the establishment and valida-
tion of an oral disease severity scoring systems
for both MMP and PV (Fig. 2.4) [3], identifi-
cation of different clinical phenotypes of
MMP [4, 7], establishment of new assays to
monitor serum antibodies to epitopes of
BP180 in MMP [8, 9] and desmogleins 1 and
3 in PV [10], establishment of saliva as an
alternative diagnostic fluid in both MMP and
PV and the discovery of secretory IgA anti-
bodies in saliva in MMP [8, 9].

This multidisciplinary research clinically was
supported by laboratory-based investigations in
immunology, immunopathology and ophthalmol-
ogy. This has led to the definition of the clinical
spectrum, identification of disease subgroups, the
study of isotype specificity and of the role of IgA
antibodies in disease severity, HLA associations
and antigen specificity. The recognition that a
B-cell- and antibody-mediated disease is driven by

T-cell responses to antigens and epitopes has also
been studied [11].

The main laboratory and clinical studies in
MMP utilising a multidisciplinary approach are
outlined in Table 2.2 (laboratory and clinical
studies in MMP), and some key findings in MMP
derived from a multidisciplinary clinic are sum-
marised in Table 2.3.

In pemphigus vulgaris, laboratory-based
research has allowed development of sensitive
ELISAs and optimisation of substrates, while the
development of an intraoral disease severity scor-
ing system has allowed an evidence base to treat-
ments for the first time and the translation of
these findings to the clinic. For example, where
the serum antibody titres have fallen and the clin-
ical severity score has fallen, patients can be
maintained on local therapy and do not need sys-
temic immunosuppression. Key findings in pem-
phigus vulgaris derived from a multidisciplinary
clinic are summarised in Table 2.4.

Intra-oral scoring system — MMP or PV

Activity score (0 - 3),

Stte Site score Double if site score =2
Quter lips 1
Inner lips 1
L Buccal Mucosa <50% =1,
>50% =2
R Buccal Mucosa 1-2
Gingivae
Lower R (distal) 1
Lower central 1
Lower L (distal) 1
Upper R (distal) 1
Upper central 1
Upper L (distal) 1
Dorsum tongue 1-2
R ventral tongue 1
L ventral tongue 1
Floor of mouth 1-2
Hard palate 1-2
Soft palate 1-2

Oropharynx

1-Dental Institute

Fig.2.4 An oral disease severity scoring system for mucous membrane pemphigoid. Seventeen intraoral sites are each scored
for the presence of disease severity between 1-3, to give a total for the patient at each visit (plus a pain score) (see [3])
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Table 2.2 Cross-discipline laboratory and clinical stud-
ies in mucous membrane pemphigoid (see [4, 7-9, 11])

e Laboratory studies with immunology,
immunopathology
— Target antigens in MMP in relation to clinical
phenotype: BP180, a6b4, NC16a, laminin 5
— Antibody isotypes: 1gG, IgA, secretory IgA
— Use of saliva as diagnostic fluid
* Clinical studies with dermatology
— Distinct clinical phenotypes of oral MMP
— Oral disease severity scoring
— Different clinical phenotypes may respond to
different therapies

Table 2.3 Key findings in MMP derived from a multidis-
ciplinary clinic (see [4, 7-9])

* Three main clinical oral phenotypes of MMP

* Two main immunofluorescent types relating to
target antigens (BP180 and a6b4, laminin 5)

* Serum IgG antibody titre correlates with disease
severity

* Serum IgG and IgA antibodies combined lead to a
more severe disease

« Different clinical phenotypes respond to different
drugs

» Salivary IgA and IgG antibodies to BP180-NC16a
are diagnostic biomarkers in mucous membrane
pemphigoid

Table 2.4 Key findings in PV derived from a multidisci-
plinary clinic (see [3, 8—13])

* The severity of cutaneous and oral pemphigus is
related to desmoglein 1 and 3 antibody levels

* The transition of pemphigus vulgaris into
pemphigus foliaceus related to Dsg antibodies

* Oral and genital lichenoid reactions associated with
circulating autoantibodies to desmoplakins I and II

* Serum and salivary IgG and IgA antibodies to
Dsg3 in mucosal pemphigus vulgaris

2.6  Orofacial Granulomatosis

A multidisciplinary clinic looking after patients
with orofacial granulomatosis (OFG) and oral
Crohn’s was first established at Guy’s Hospital in
1995. This was a joint clinic involving Oral
Medicine and Pathology, Gastroenterology (Dr.
Jeremy Sanderson and colleagues), Nutrition (Dr.
Lomer and colleagues), Immunology (Professor
Jo Spencer) and Psychology. This clinic became a
referral centre for not only oral medicine and oral
maxillofacial surgery consultants around the UK,
but also gastroenterologists and dermatologists as

a UK regional referral centre. This led in due
course to the largest series of characterised OFG
in the UK and possibly the world. The first 250
patients were examined in detail both in vivo and
in vitro, and the majority had colonoscopies as
well as oral biopsies. Clinical trials and national
collaborations (Liverpool, London and Newcastle)
followed, and the findings have changed clinical
practice in OFG (see Fig. 2.5 and Table 2.5).

Fig. 2.5 Classical swollen granulomatous lips of orofa-
cial granulomatosis

Table 2.5 Key recent findings from multidisciplinary
OFG clinic and research

Treatment:

* Cinnamon- and benzoate-free diets as a primary
treatment for OFG [14, 15]

* Oral disease severity scoring system for OFG
[15, 16]

» Experience with anti-TNF-atherapy for orofacial
granulomatosis [17]

* Development of a low phenolic acid diet for the
management of orofacial granulomatosis [5]

* Dietary intervention for oral allergy syndrome as a
treatment in orofacial granulomatosis: a new
approach [5]?

* Azathioprine is effective for oral involvement in
Crohn’s disease but not for orofacial granulomatosis
alone [18]

Translational research:

* Subepithelial dendritic B cells in orofacial
granulomatosis [19]

* Distinguishing orofacial granulomatosis from
Crohn’s disease: Two separate disease entities [16]?

* Clinical evidence for allergy in orofacial
granulomatosis and inflammatory bowel disease [20]

 Genetic association analysis reveals differences in
the contribution of NOD2 variants to the clinical
phenotypes of orofacial granulomatosis [18, 21]


http://www.ncbi.nlm.nih.gov/pubmed/21249727
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There was a wider source of referrals for this
clinic than the other multidisciplinary clinics.
Referrals have come from eight different medical
and dental specialties including dermatology,
gastroenterology, paediatrics, oral and maxillofa-
cial surgery, general medical and dental practice
and allergy clinics. Thorough investigations
including oral examination, colonoscopies,
severity scoring, haematological and immuno-
logical studies, patch testing, scratch testing and
biopsies have allowed a series of novel findings
which have changed clinical practice. The main
findings are outlined in Table 2.5. These detailed
investigations along with colonoscopies allowed
a distinction to be made between those patients
with oral manifestations of Crohn’s disease and
those with orofacial granulomatosis restricted to
the oral cavity or head and neck [15, 16, 22].

The introduction of cinnamon- and benzoate-
free diets by dietitians and their assessment

using an oral disease severity score showed that
diet alone could result in significant clinical
improvement without the need necessarily of
systemic immunosuppressives which had hith-
erto been the first line of treatment. Cinnamon
and benzoate elimination diets could have sig-
nificant and rapid clinical benefit in two-thirds of
patients [5, 14, 15].

These investigations also allowed a funda-
mental difference between children and adults to
be revealed. That is the question of whether OFG
was a marker for the subsequent development of
Crohn’s disease. In adults, 10% of patients pre-
senting with OFG develop Crohn’s in the first
10 years (Fig. 2.6). Subsequent follow-up over a
further 15 years showed no further development
[15, 16]. In children 25% of patients presenting
with OFG developed Crohn’s within the first
10 years, suggesting that OFG can be a marker
for these subsequent developments of Crohn’s
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_I"Tadult
—}— child-censored
—}— adult-censored
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Fig. 2.6 Cumulative risk of onset of CD in childhood and adult onset of oral symptoms [15, 16]
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but that the risk is much greater in children and
that if 10 years have passed since the onset of
OFG, the risk of subsequent development of
Crohn’s is very small (Fig. 2.6).

The presence of psychologists on the clinic
was beneficial both for clinicians and for patients.
These studies revealed a significant psychologi-
cal impact of facial disfigurement and the need of
psychologist assessment on a regular basis and
further referral for treatment separated from the
OFG clinic.

Patch and scratch testing revealed that some
40% of OFG patients were positive to one or
more ingredients and that the majority of those
would be responsive to exclusion diet. In scratch
testing some 60% of patients with OFG were
positive with silver birch being the main allergen
which has led to further investigation of the aeti-
ology [20]. Immunological investigations on this
multidisciplinary clinic have led to findings with
immunogenetics (an increase in NOD2) [18, 21]
and a curious and as yet unexplained finding of
subepithelial dendritic B cells in OFG biopsies
not associated with lymphoid tissue [19]. These
do appear to be associated with IgE expression,
and they may have a role in immune responsive-
ness including IgE-mediated allergic responses.
Key findings from a multidisciplinary clinic in
terms of diet are summarised in Table 2.5. The
additional detailed analysis of the genetics has
recently been published [18] and a finding that
Azathioprine is effective for oral involvement in
Crohn’s disease but not for orofacial granuloma-
tosis alone [21]. This again emphasises the
importance of distinguishing between OFG and
oral Crohn’s disease clinically.

2.7 Sjogren’s Syndrome Clinic

Patients with Sjogren’s syndrome are usually
referred to three main specialities depending on
their primary symptoms. Sjogren’s is the second
most common autoimmune disease and is likely to
present firstly to dentists because of dry mouth. A
significant proportion of patients present to oph-
thalmologists because of dry eyes and to rheuma-
tologists because of associated joint pain. There is
obvious value clinically to have a single referral

clinic comprising oral medicine physicians, rheu-
matologists and ophthalmologists to coordinate
both investigations and treatment plans.

The Multidisciplinary Sjogren’s Syndrome
Clinic was established at Guy’s Hospital in 1992
initially with Rheumatology (Dr. B Kirkham,
Professor G. Panayi) and later with Ophthalmology
(Dr. G. Larkin). This has facilitated the detailed
assessment investigation and management of a
large series (approximately 600 patients) in the
discovery and definition of the non-Sjogren’s syn-
drome (SNOX) [23] and other advantages with
clinical trials on saliva substitutes with GSK,
basic research and understanding dry mouth [6,
24, 25] but also becoming part of national
Sjogren’s network (in the UK via Birmingham)
and international collaboration via the NIH-
funded SICCA project [26, 27]. The clinical col-
laboration allowed the discovery of a new
syndrome (SNOX) which was shown to be non-
Sjogren’s but comprising dry mouth, dry eyes and
the presence of primary generalised nodal osteo-
arthritis with non-specific sialadenitis [23]. None
of these patients had rheumatoid factor or ENA
autoantibodies (Ro) and (La) autoantibodies, thus
distinguishing them from Sjogren’s syndrome.
No patient from the clinic with SNOX has devel-
oped a lymphoma which emphasises the need to
distinguish SNOX from Sjogren’s syndrome.

Perhaps the most important international mul-
tidisciplinary collaboration has been the NIH-
funded Sjogren’s International Collaborative
Clinical Alliance or SICCA [26]. This ambitious
alliance set up collaborations over seven coun-
tries (the USA (three sites),the UK, Denmark,
Argentina, China, India and Japan) and with the
aim of develop standardised diagnostic criteria
for Sjogren’s syndrome and establishing
evidence-based criteria for the diagnosis of
Sjogren’s syndrome. This multidisciplinary inter-
national collaboration involved clinical leads in
the SICCA research groups from oral medicine,
rheumatology and ophthalmology and active col-
laborations with pathologists, statisticians, epide-
miologists and immunologists. Standardised
samples were taken from greater than 1500 cases
of putative SS and analysed. This collaboration
has led to the establishment of agreed interna-
tional criteria for the diagnosis of SS [28, 29] but
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also methodology for quantifying ocular disease
[30]. Standardisation across countries allowed
genetic analysis of over 1000 patients with SS
[31] and longitudinal studies to be performed for
the first time [31].

2.8 Clinical Oral Dryness Score

(Fig. 2.7)

One of the benefits of a multidisciplinary clinic
was to develop an oral dryness score which was
reliable and easy to use for the routine assess-

Mirror sticks to
buccal mucosa

Mirror sticks

ment of severity of dry mouth [32]. CODS can
be incorporated into the routine clinical assess-
ment of dry mouth patients, particularly since
the clinician would normally be undertaking
most aspects of the clinical assessment in any
case.

Investigations showed that there was good
correlation between the clinical oral dryness
score (CODS) and whole salivary flow rates but
also interestingly with mucosal film thickness on
buccal, palatal and tongue surfaces [6, 32]. The
score has now been calibrated and is in wide-
spread clinical use.

An additive score of 1 - 3 indicates mild
dryness. May not need treatment or
management. Sugar-free chewing gum
for 15 mins, twice daily and attention

to hydration is needed. Many drugs will
cause mild dryness. Routine checkup
monitoring required.

An additive score of 4 - 6 indicates
moderate dryness. Sugar-free chewing
gum or simple sialogogues may be
required. Needs to be investigated
further if reasons for dryness are not
clear. Saliva substitutes and topical
fluoride may be helpful. Monitor at
regular intervals especially for early
decay and symptom change.

3 to tongue
3 Saliva frothy
4 + No saliva pooling
in floor of mouth
Tongue shows generalised shortened
e papillae (mild depapillation)
5 Altered gingival architecture

(ie. smooth)

Fig. 2.7 Clinical oral dryness score (The Challacombe
scale) [32]. One mark is given to each clinical feature, and
scores of 1-3 indicate mild dryness, 4—6 as moderate dry-

ness and 7-10 as severe dryness. CODS is related both to
the salivary flow rate and to the index of mucosal
wetness



16

S.J. Challacombe et al.

Table 2.6 Summary of main translational research find-
ings from the international SICCA collaboration and from
a dry mouth (Sjogren’s syndrome) clinic

* First prospective, protocol-directed, consistent data
accession cohort to develop pSS phenotype and SS
classification criteria

* First longitudinal cohort to study SS natural history
(repeat examinations and biospecimen collection)

* Development of new method to assess ocular staining
in SS based on multi-organ system data analysis

* First opportunity for comprehensive study of SS
genome.

» New diagnostic criteria have been developed on the
basis of data

* SSB-positive alone is not associated with key
phenotypic features of Sjogren’s syndrome [34]

* Association of CXCL13 and CCL21 expression with
the progressive organisation of lymphoid-like
structures in Sjogren’s syndrome [35]

The advent of SICCA allowed worldwide
1500 cases of Sjogren’s syndrome to be charac-
terised [26, 33]. It was the first prospective proto-
col directed consistent data accession cohort to
develop Sjogren’s syndrome phenotypes and
classification criteria. It has already developed a
new method to assess ocular staining [30] and is
the first opportunity for a comprehensive study of
the Sjogren’s syndrome genome [31] and has had
a major impact on understanding the pathogene-
sis of Sjogren’s syndrome on a global scale. Thus
multidisciplinary research and clinics have led to
new diagnostic criteria being developed on the
basis of data. They have shown that SSB alone is
not associated with Sjogren’s syndrome (see
Table 2.6) [28, 29, 34].

Conclusions

Cross-disciplinary research has greatly
increased our understanding of oral mucosal
diseases. On the clinical front, close collabor-
ative working with consultants of different
disciplines in joint clinics has resulted in a
depth of investigation of oral medicine patients
(e.g. colonoscopies, slit lamp eye examina-
tions, general rheumatological examinations,
skin and other mucosal site dermatological
investigations) that would not have been pos-
sible with oral medicine physicians alone.
Joint expertise has led to greater number of

referrals and identification of clinical pheno-
types. This has facilitated focussed labora-
tory-based research in immunology, genetics,
molecular biology, etc. into the mechanisms
underlying oral mucosal disease [36]. Together
with the clinical research, this joint knowl-
edge has already been transferred to the chair-
side and has changed and improved the
management of oral mucosal diseases [36].
Thus cross-disciplinary research has not only
been of direct benefit to patients but also
revealed how much more needs to be done.
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Abstract

Over the past 15 years, there has been intense
research interest in periodontitis and its asso-
ciations with several systemic conditions and
how periodontitis can modify the expression
of those diseases. The area that looks forward
in those relationships is called periodontal
medicine. Offenbacher described periodontal
medicine as a discipline that focuses on the
investigation of associations between peri-
odontal diseases and systemic diseases and
their biological plausibility in human popula-
tions and in animal models. It has been
reported that periodontal disease may inde-
pendently increase the risk of diabetes melli-
tus, cardiovascular disease, preterm or
low-weight delivery, or rheumatoid arthritis.
On the other hand, periodontitis is a chronic
infection, which pathogenesis is orchestrated
by multiple factors. Within those factors,
genetics and epigenetics may have an impor-
tant role in the pathogenesis. Epigenetics is a
new area in research that is defined as genetic
control by factors other than an individual’s
DNA sequence via silencing certain genes
while promoting others. These processes
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involve regulating transcription factor and
access to chromatin, as well as microRNA
(miRNA) and long noncoding RNA (IncRNA)
regulating the expression of mRNA. In this
chapter, we are going to deal with periodonti-
tis pathogenesis, the role of epigenetics in its
process, and the new connections of periodon-
titis and some systemic conditions by the
expression of some epigenetic factors. This
basic knowledge drives to know how to under-
stand the possible connections and some tar-
gets to cope with in the future.

3.1 Introduction

Periodontitis is a chronic inflammatory disease
characterized by periodontal attachment and
alveolar bone loss that eventually may lead to
tooth loss. It is considered the most prevalent
chronic inflammatory disease that affects 46% of
adults older than 30 years in the USA [1], where
the prevalence of severe periodontitis is over 11%
[2]. The primary etiological factor of periodonti-
tis is the presence of specific bacteria organized
in dental biofilm that leads to the triggering of
several signaling routes that prompts the initia-
tion of immune response mechanisms. The
microflora that causes periodontitis is somehow
complex, in which there are over 700 different
bacterial species. In the recent years, some
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clinical studies have defined key pathogens that
present a crucial role in the initiation and pro-
gression of periodontitis [3, 4], demonstrating
that their presence is a risk factor for ongoing
attachment loss. Among those bacterial species,
Aggregatibacter — actinomycetemcomitans and
Porphyromonas gingivalis are the most relevant
pathogens in periodontitis. Both species exhibit a
wide range of virulent factors that could activate
several signaling pathways, inducing a humoral
immune host response [5, 6].

While periodontopathogenic bacteria are the
main cause in the activation of immune response,
other elements such as genetics and environmen-
tal factors may influence or modulate the host
response to bacterial burden [7-9].

3.1.1 Molecular Regulation

of the Immune Response

In gene expression, its central dogma is based on
the DNA transcription into mRNA, which serves,
in turn, as template for the protein synthesis [10].
The immune response model at the transcrip-
tional stage starts with an external stimuli, such
as bacterial burden, which gives rise to a signal-
ing cascade within the cell cytoplasm, activating
the binding of promoters and enhancers that reg-
ulates some DNA sequences. These assembles
activate in turn the transcription machinery as
well as the expression of specific genes. At this
time, certain DNA sequence alterations, muta-
tions, and polymorphisms may come out to alter
transcription factors binding to specific areas of
gene expression regulation.

Regarding the protein structure, the changes
might occur within the coding regions of the gene
(exons), leading to changes in the position and
sequence of amino acids in the protein structure.
In this sense, some novel processes in this basic
model have been depicted in a recent study [11]
that have suggested synergistic mechanisms
between transcriptional activators bound to pro-
moters and enhancers in different layers that are
superimposed, leading to different stages in gene
modification that may occur.

It has been identified specific mechanisms to
be rapidly turned on and off in response to that

external stimuli [11]. Those have been suggested
as special pathways in creating selectivity of
immune response to certain bacterial stimuli,
regulating the magnitude of that response and
conducting to chronic inflammation [12, 13].
Therefore, it could present a potential role in how
some bacterial species may activate different sig-
naling pathways leading to a specific host
immune response.

3.1.2 Epigenetic Modifications
of Gene Expression

Epigenetics is defined as changes in gene expres-
sion, which are not controlled by DNA sequence
but by silencing certain genes and promoting oth-
ers. These processes involve alterations of the
DNA and associated proteins such as DNA meth-
ylation or modifying DNA structure (e.g., chro-
matin alterations), as well as microRNA (miRNA)
and long noncoding RNA (IncRNA) that may
regulate the expression of messenger RNA
(mRNA) [14]. These epigenetic alterations may
be able to modulate the host response to several
bacterial stimuli and regulate the magnitude and
speed of those processes [7, 9].

Genetic mutations are commonly known to
control the epigenome [15], inducing several
changes in DNA structure and sequence altera-
tions that affect the protein function. Nevertheless,
some epigenetic modifications such as histone
modulation are often strongly correlated with
patterns of inherited gene expression [16], includ-
ing those that lead to gene mutations. Hence, the
link or boundary between genetics and epi-
genetics is still not clear, driving to the concept
that some researchers [15] suggest that both are

two sides of the same construct, being
connected.
3.1.3 Immune Response

in Periodontitis
and Epigenetic Modifications

The immune host response to the bacterial products
starts with the innate immune system activation.
This is the natural host barrier defense against
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bacteria, which is mediated by subepithelial den-
dritic cells, neutrophils, macrophages, natural killer
cells, and monocytes. Those cell activations are
orchestrated by several families of proteins such as
toll-like receptors (TLRs) that are involved in the
bacterial recognition of their patterns.

Innate system does not require any previous
exposure to a microbial product, so thus, it is so
important in initiating the host response to new
microbial challenges. However, some bacteria
have the capacity to evade some host response
mechanisms as a result from adaptation to the
hostile environment [17]. Shifts within the peri-
odontal tissues have been ascribed to the interac-
tion between biofilms and their products and
some specific receptors such as TLRs.

Afterward, when innate response is not able to
control the bacterial aggression, adaptive immune
response is activated. This host response is nor-
mally mediated by T- and B-cells that will pro-
vide to the host the so-called immunological
memory. This adaptive response may play a cru-
cial role in established periodontitis lesions that
are characterized by high proportions of plasma
cells [18], which in turn are going to generate
antibodies against microbial products.

Nevertheless, the initiation and the magnitude
of this interaction between biofilms, its products,
and the host response may be altered by genetic
traits but also by some systemic conditions and
environmental factors such as smoking or stress.
Within this interaction, epigenetic modifications
may modify the interplay between environmental
factors, genetic traits, and host immune response.

3.1.4 DNA Methylation, Histone
Modulation, and Other Gene
Alterations

The genome modification in host cells can often
occur via DNA methylation. It normally takes
place at the 5’ position of cytosine in CpG dinu-
cleotides, called CpG islands. CpG islands are
dinucleotides that involve the connection between
a cytosine nucleotide and a guanine nucleotide by
a phosphodiester bond. Clusters of CpG
sequences appear in the promoter regions, pre-
vent transcriptional initiation, and silence the

genes [31]. There are three different isoforms of
DNA methyltransferases by which DNA methyl-
ation can occur. DNA methyltransferase 3a and
DNA methyltransferase 3b normally present a
crucial role in “de novo” methylation of CpG
residues, while DNA methyltransferase 1
(DNMT1) regulates the methylation pattern
copying to new synthetized DNA strand during
replication. DNA methylation is necessary for
normal cell development, and it is essential
in tissue-specific gene transcription [19].
Differential methylation patterns associated with
lipopolysaccharide (LPS) signaling, cell adhe-
sion, and other processes such as apoptosis or
oncogenesis have been observed in untreated
periodontitis tissues [20]. Recent studies have
suggested that bacteria have the potential to cause
alterations in the DNA methylation status, but
also the environment, aging, and stress may also
play a role on modifying the expression of peri-
odontitis, involving epigenetic changes that affect
disease expression or cause oral dysbiosis.
Depending on the health status of periodontal
tissues, CpG islands are differentially methyl-
ated. Recent data that investigated the differences
in DNA methylations between healthy gingival
tissues from healthy subjects and inflamed peri-
odontal tissues from chronic periodontitis tissues
identified some CpG sites methylated in inflamed
tissues different from healthy tissues [20]. Some
genes such as SOCS3, VDR, MMP25, BMP4,
RUNX3, interleukin-17, TNFRSF18, ZNF277,
ZNF501, CADM3, and BDNF were observed
hypermethylated in inflamed gingival tissues and
others hypomethylated compared to healthy gin-
gival tissues [20]. The authors suggested that
these methylated CpG regions might confirm a
linkage between epigenetic modifications and the
immune host response. One example of DNA
methylation in periodontitis is the DNA hyper-
methylation of prostaglandin-endoperoxidase
synthase 2 promoter in chronic periodontitis
lesions. This pattern is associated with a high
expression of cyclooxygenase-2 in chronic peri-
odontitis tissues, increasing the inflammation
status of the tissues. Those epigenetic modifica-
tions of gingival tissues are suggested to mainly
occur within the biofilm-sulcular epithelium
interface. Within this interaction bacteria may
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have the capacity to induce some DNA methyl-
ations (meter ref). It has been described that
Porphyromonas gingivalis could cause the hyper-
methylation of a protein that regulates the chro-
matin remodeling, called as GATA binding
protein [21]. This protein could also be hypo-
methylated by a Fusobacterium nucleatum infec-
tion, driving to the concept that one epigenetic
modification may occur depending on the pres-
ence of specific bacteria.

Other epigenetic change related to oral dysbi-
osis is histone acetylation. A recent study con-
ducted by Martins and co-workers [22] reported
that both regulation of DNMT1 and histone acet-
ylation were shown in oral dysbiosis. This study
has proven that epigenetic changes may indeed
be associated with oral dysbiosis.

In general, histone acetylation is associated
with enhanced transcription of genes [31], nucleo-
some assembly, chromatin folding, DNA damage
repair, and replication [23]. It is usually related to
the chromatin structure relaxing, leading to an
enhanced transcription of inflammatory genes,
such as nuclear factor kappa B (NF-kB) target
gene or several genes of pro-inflammatory cyto-
kines, which are commonly upregulated in peri-
odontitis. Normally, NF-xB is able to activate
innate immune system mediated by TLRs [24],
and its chronic activation may induce osteoclasto-
genesis that would lead to bone resorption [25]. In
periodontitis lesions, it has been demonstrated that
Porphyromonas  gingivalis and Fusobacterium
nucleatum infection may be able to induce epigen-
etic modifications such as histone 3 acetylation
and the downregulation of DNMT]1.

Moreover, histone acetylation by lipopolysac-
charides (LPS) could influence p300/CBP activa-
tion. Its activation is related to the transcriptional
stimulation of some pro-inflammatory cytokines
such as IL-1, IL-2, IL-8, and IL-12, commonly
found in periodontally affected tissues [22].

3.2  Role of MicroRNAs

MicroRNAs (miRNAs) are a group of small,
noncoding RNAs that play key roles in epigene-
tic regulation by controlling the translation and
stability of mRNAs [26]. They are crucial in

developmental processes, apoptosis, and cell pro-
liferation [27]. However, this regulation depends
on the activities of other cofactors, DNA meth-
ylation and/or histone acetylation. The other
cofactors include RNA-binding protein, CREB-
binding protein or E1A binding protein p300, and
cyclic AMP response element-binding protein
(CBP). This regulation indirectly inhibits or pro-
motes mRNA expression. Hence, these mole-
cules may play a significant role in inflammatory
processes, affecting both innate and humoral
immune response to the microbial challenge [7,
26]. In addition, autoimmune diseases may be
also affected by these molecules [26]. However,
periodontitis is the gold standard in oral chronic
inflammatory diseases, where miRNA might
have a specific and detrimental role in its patho-
genesis [7]. Recently, Kebschull and Papapanou
have performed an extensive review about the
role of miRNA in periodontal disease [7]. They
have observed that miRNAs could affect differ-
ent immune processes at different stages of the
inflammatory response against the bacterial insult
in periodontal disease.

As it has been explained, the inflammatory pro-
cess starts with a bacterial challenge. The first line
in host response involves the pathogen pattern rec-
ognition mediated by TLRs. The most common
TLRs in periodontitis are TLR-2 and TLR-4, which
have the capacity to interact with specific bacterial
species and their virulent factors. Aggregatibacter
actinomycetemcomitans and the lipopolysaccha-
ride (LPS) from Porphyromonas gingivalis are the
main bacterial species and products that are able to
activate those receptors. After their binding, NF-xB
pathway is activated. NF-xB is a family of rapid
responder transcription factors that are able to
induce changes in target gene expression. As a con-
sequence of TLR activation, different cell types are
triggered, such as macrophages, neutrophils, natu-
ral killer cells, or dendritic cells, developing the
comprehensive innate immune response.

Several miRNAs are able to induce changes in
the NF-kB signaling pathways. One of them is
the miRNA-146a, which is itself regulated after
NF-xB activation via TLR-2, TLR-4, TLR-5, and
TLR-9 in response to the bacterial challenge,
driving to a downregulation of two important
cytokine receptors, receptors of IL-1 and TNFa.
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This miRNA was found to be upregulated in peri-
odontally affected gingival tissues [28, 29]. miR-
146a is also able to suppress TLR-2 expression in
keratinocytes [30] and macrophages [31], leading
to a weak inflammatory response. However, in
macrophages, the induction of miRNA-146a by
P. gingivalis LPS does not result in a lower cyto-
kine production [32], driving to the concept of a
counteracting effect by other miRNAs [7].

One of the most important miRNAs in peri-
odontitis is miR-155, which acts at different stages
in the host response. This miRNA is able to down-
regulate NF-xB signaling pathway, as well as to
promote cell differentiation [33]. It also mediates
the response to infection by type I interferon pro-
duction [34], a mechanism possibly connected to
aggressive periodontitis [35], increasing inflam-
mation and periodontal tissue destruction.
Furthermore, it is able to induce the expansion and
activation of natural killer cells [36] and high pro-
duction of interferon-y [37]. In macrophages, it
was shown that miR-155 increases the levels of
leukotriene B4, resulting in high responsiveness of
TLRs [38]. However, the dysregulation of its
expression and also the miR-146 expression in
epithelial cells infected by P. gingivalis was
observed to turn into an increased sensitivity of
TLR signaling pathway, exponentially expanding
the immune response [39, 40].

In natural killer cells, miR-30e and miR-200a
are downregulated in periodontally affected tissues
that lead to an increased activation of natural killer
cells and a higher production of interferon-y, driv-
ing to a higher tissue destruction [41, 42]. Other
miRNAs such as miR-451, which has the ability to
suppress neutrophil chemotaxis [43], or miR-486,
which leads to an overexpression of NF-kB signal-
ing [44], are upregulated in periodontitis lesions.

Dendritic cells play an essential role in the
innate system, bridging the innate system and
adaptive immune response. They are able to
detect some bacterial species and their products,
producing specific inflammatory cytokines, criti-
cal in the immune response. Recent investiga-
tions have pointed out that their functions are
tightly controlled by miRNAs [45].

One example is miR-155, a miRNA that was
found to control other innate system processes
(see above). It was shown to have the ability to

affect the function and maturation of dendritic
cells, influencing the cytokine signaling and thus
the inflammatory host response [46]. On the
other hand, miR-451 has exhibited to reduce
cytokine production by dendritic cells, which has
responded to bacterial infection [47], and miR-
148a was shown to damage the innate response
and the antigen presentation mechanism by den-
dritic cells [48], both overexpressed in periodon-
tally affected gingival tissues.

As the innate response can be regulated by sev-
eral miRNAs, some of those might also influence
certain adaptive response processes. B- and T-cells
are the main cell strains in the adaptive immune
system. This system involves their expansion and
provides immunological memory. Some miRNAs,
such as miR-146a, miR-650, miR-155, miR-210,
or miR-455, may play a role in the control of some
adaptive immune processes. Other miRNAs are
upregulated in periodontitis lesions such as miR-
650 that was found to influence the proliferative
capacity of B-cells [49]. As seen above, miR-155,
an upregulated miRNA in periodontally affected
tissues, has different functions in host immune
regulation. In adaptive immune, this miRNA could
also have the capacity to control CD8 T-cell
response [50], as well as to influence in the indi-
rect activation of T-helper cell 17 response by den-
dritic cell signaling [51]. Nevertheless, others are
downregulated in periodontitis lesions such as
miR-210, which are related to the increase of
T-cell signaling, being associated with the etio-
pathogenesis of periodontitis [52, 53].

In summary, miRNAs are epigenetic modifi-
cations that are crucial in immune response regu-
lation, being bridges between different exogenous
challenges and host response. While further
research in miRNA functions and role in chronic
inflammatory disease such as periodontal disease
is needed, they are a very promising source of
connection between different immune processes
in different oral and systemic conditions.

33 Role of Long Noncoding RNAs

Long noncoding RNAs (IncRNAs) modulate cell
proliferation, senescence, migration, and apoptosis.
They also interact with DNA, RNA, and other
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proteins and regulate gene expression and other
miRNA activities. A recent publication performed
by Zou et al. [54] has demonstrated the presence of
some IncRNAs in chronic periodontitis lesions. As
miRNAs, IncRNAs could be up- or downregulated,
affecting different host immune pathways and
miRNA functions. Some IncRNAs such as
HOTAIR, PRDX6, IFNG, or TIRAP are associated
with periodontitis lesions [54]. Periodontitis was
shown to express the upregulation of HOTAIR, PI3
(IncRNAs RP3-461P17 and RP1-30012.2), PRDXG6,
TIRAP, IncRNA CDKN2A, and CDKNZ2B.
Conversely, IncRNAs NR_003716, RP11-29014.3,
IFNG, lincRNA-CDON-1, and CDKN2BAS were
shown to be downregulated in periodontally affected
tissues. Certain IncRNAs such as lincRNA-
CDON-1 appear to be involved in signaling path-
ways in TLR expression, crucial in the
etiopathogenesis of periodontitis. Likewise, further
studies to understand the role and functions of those
IncRNAs in periodontitis pathogenesis are needed.

It has been found that IncRNAs possess tran-
scribed ultraconserved regions (T-UCRs), which
are a segment of DNA and considered as a novel
class of noncoding RNAs. UCRs are conserved,
i.e., unchanged between the species. Therefore,
alteration in this area is unlikely to occur due to
chance, and differential expressions have been
observed in several systemic conditions such as
cancers or cardiovascular diseases [55].

3.4 Periodontitis, Epigenetic
Alterations, and Systemic

Diseases

Nowadays, periodontitis is considered a noncom-
municable chronic inflammatory infectious dis-
ease which is connected to some systemic
conditions. Recent epidemiological studies have
remarked important associations between peri-
odontitis and some systemic diseases such as dia-
betes, cardiovascular disease, rheumatoid
arthritis, or cancer [56, 57], where systemic
inflammation and bacteremia are the main mech-
anisms. However, some epigenetic modifications
commonly found in periodontitis are also related
to some systemic conditions, leading to another

biological mechanism of connection between
periodontitis and systemic diseases.

As it has been discussed in previous items,
oral dysbiosis, commonly related to periodonti-
tis, is able to produce epigenetic modifications
that, in turn, have the capacity to induce some
changes in different levels of immune response,
both in the innate and humoral system, leading to
a chronic response that could be associated with
other systemic immune responses or even
changes in other sites of the human body.

3.4.1 Obesity

The association between periodontitis and obesity
has been studied along years. While a systematic
review published by Suvan et al. [58] has estab-
lished that there are clinical studies that support
this association, the magnitude of that association
is still unclear, and there is a need for more pro-
spective and intervention studies to understand the
connection between both diseases. Despite the fact
that recent data has demonstrated that obesity
could be a risk factor of clinical attachment loss
[59], the biological plausibility of that connection
is still not clarified. It has been hypothesized that
the high secretion of adipokines in obesity creates
a pro-inflammatory state that has been positively
associated with periodontitis [60]. A recent publi-
cation [61] has showed that the stimulation of
macrophages with adiponectin causes the expres-
sion of miR-155, an important miRNA in the
pathogenesis of periodontitis [62]. Moreover, it
has been demonstrated that some miRNAs such as
miR-185 were found to be strongly expressed in
obese patients with periodontitis compared to non-
obese periodontitis patients [62], suggesting that
an obese status may aggravate periodontal tissue
destruction.

3.4.2 Cardiovascular Disease

The association between periodontitis and car-
diovascular disease (CVD) has been a focus of
research along the last decades. Last data have
established that periodontitis may be a risk factor
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to control in CVD patients [57, 63-66].
Bacteremia has been hypothesized as the main
biological mechanism that connects both dis-
eases [67, 68]. Nevertheless, recent publications
have pointed out a genetic susceptibility contrib-
uting to periodontitis and CVD [69]. This publi-
cation has remarked some genes that are
presented in both conditions. ANRIL, CDKN2A,
CDKN2B, and PLG are the most relevant genes
[69-72]. In that sense, mRNA transcription of
ANRIL, IncRNA, and ANRIL has been associ-
ated with atherosclerosis, periodontitis, and sev-
eral types of cancers [70]. Therefore, it is
important to keep investigating the influence of
those IncRNAs and genes to fully understand the
connection and possible target to treat conse-
quences in both conditions.

3.4.3 Rheumatoid Arthritis

Rheumatoid arthritis(RA) is a chronic inflamma-
tory autoimmune disease that has been exten-
sively related to periodontitis [73, 74]. It has been
hypothesized that oral bacteria, such as
Porphyromonas gingivalis, among others [75],
may play a key role in protein citrullination and
ACPA formation in RA patients [76, 77], initiat-
ing and perpetuating the immune response in
RA. Recent reports have shown that also
Aggregatibacter actinomycetemcomitans,
another well-established periodontal pathogen
[78], is able to increase chronic exposure to
citrullinated proteins and the development of
autoantibodies. A number of evidence have
shown that periodontitis and RA share a number
of genetic and environmental risk factors [79].
The main genetic risk factor is the HLA-DRBI
allele of the class II major histocompatibility
complex (MHC-II), and the smoking habit is a
common risk factor between periodontitis and
RA [75].

Nonetheless, recent data have shown that peri-
odontitis patients are exposed to citrullinated his-
tone H3 in inflamed gingival tissues, which drives
to other exposure target for the autoantibodies
presented in RA [80]. It means that not only pro-
teins citrullinated by bacteria are subjected to be

a target for autoantibodies, but some epigenetic
modifications of that oral dysbiosis increase tar-
gets and sources of perpetuating inflammation
and citrullination.

3.4.4 Cancer

The role of oral infections in oncogenesis remains
changing over time. As discussed above, chronic
inflammation such as in periodontitis may have the
potential to provoke epigenetic modifications [20]
leading to DNA and histone methylations that con-
tribute to oncogenesis. However, any bone modu-
lation will involve these histone modifications
[81], and periodontitis, which involves bone loss,
may also cause histone modulation [14].

A recent publication by our group [14] has
extensively reviewed the plausible role of oral
infections such as periodontitis in oncogenesis.
We have found different population-based stud-
ies, by which a plausible association between
periodontitis and different types of cancer could
be explained. A longitudinal study reported that
serum P. gingivalis antibody increased the risk of
orodigestive cancer mortality [82]. Likewise,
some data showed antibodies to several oral
pathogens to pancreatic cancer [83]. It was found
that the antibodies to the commensals were asso-
ciated with lower risk of pancreatic cancer sug-
gesting that dysbiosis may be a more appropriate
risk marker than the role of a few pathogens.
Dysbiosis on the other hand can be a marker for
abnormal immunity which predisposes to cancer
development [84]. Moreover, a prospective
cohort study that assessed periodontal treatment
was associated with lower risk of subsequent
cancers, but this study did not adjust for con-
founding factors such as smoking, alcohol con-
sumption, or genetics [85]. Despite some
methodological flaws of those studies, there is a
plausible role of periodontal disease in the onco-
genesis process.

As it has been discussed above, epigenetics
might play a significant role in different host
immune processes as well as other cell functions.
During the process of tumor initiation and progres-
sion, the cancer epigenome is remodeled via global
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hypomethylation, increased promoter methylation
at CpG islands, global downregulation of miRNAs
and IncRNAs, or interactions between them and
alterations in the nucleosome. The imbalance
between transcriptionally permissive and repres-
sive chromatin modifications may alter gene
expression and lead to cancer [14]. While DNMT1
is overexpressed in many cancers [86], oral dysbio-
sis drives to a reduced expression of DNMTI.
Thus, the assumption that oral dysbiosis may foster
oncogenesis might not be supported. On the other
hand, histone acetylation has been shown to regu-
late tumor suppressor gene p53 or proto-oncogene
c-Myb. These indicate that histone acetylation can
up- or downregulate oncogenesis [87].

Notably, the role of miRNAs in oncogenesis
varies depending on the mRNA they regulate
and thus can be promoters or suppressors of
oncogenesis [88]. Some miRNAs commonly

found in periodontitis have been related to dif-
ferent types of cancers. MiR-31 may be found in
pancreatic cancer or oral potentially malignant
disorder [89, 90]. Moreover, miRNAs, miR-
146a and miR-155, were related to head and
neck  squamous cell carcinoma [91].
Nonetheless, certain IncRNAs have been also
correlated with different types of cancers. The
IncRNA called HOTAIR, upregulated in peri-
odontitis lesions, has been associated with
tumor metastasis, recurrence, and prognosis in
breast, colon, and liver cancers and oral squa-
mous cell carcinoma [54, 92, 93].

However, further studies are needed to under-
stand how they may interact between both condi-
tions and to examine the role of oral infections in
carcinogenesis via the holistic approach consid-
ering the multisystem in the whole human body
(Tables 3.1, 3.2, 3.3, 3.4, and 3.5).

Table 3.1 Principal miRNAs in periodontitis lesions adapted from the publication of Kebschull et al. [7]

Regulation periodontally
affected tissues

Type of immune
system affected

miRNA  Upregulated Downregulated in periodontitis ~ Mechanism
miR-30e - Yes Innate immune  Inhibits NK cell activation. This downregulation
system increases NK cell activation and hence increases
tissue destruction
miR-31 - Yes Innate immune  Negative regulator of NF-kB and mediates
system osteoclastogenesis. Its downregulation produces
over-activation of TLRs and decreases bone
formation
miR- Yes - Innate and Regulates NF-kB signaling pathway activation,
146a adaptive immune reduces dendritic cell cytokine production, impairs
system dendritic cell TLRs, and controls B-cell development
miR- Yes - Innate and Impairs antigen presentation function by dendritic
148a adaptive immune cells and the whole innate response
system
miR-155 Yes - Innate and Regulates NF-kB signaling pathway, mediates type I
adaptive immune interferon and interferon-gamma production;
system increases TLR sensitivity, critical in dendritic cell
maturation; controls CD8 T-cell response; and
indirectly influences the activation of T-helper cell 17
miR- - Yes Innate immune  Negative regulation of IL-12 in NK cells. Thus, its
200a system downregulation causes increased production
miR-210 — Yes Adaptive Its downregulation increases T-cell signaling
immune system
miR-451 Yes - Innate immune Suppression of neutrophil chemotaxis
system
miR-486 Yes - Innate immune  Increases exponentially NF-kB signaling pathway
system
miR-650 Yes - Adaptive Regulates B-cell proliferation

immune system
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Table 3.2 Main IncRNAs in periodontally affected gingival tissues

Regulation periodontally
affected tissues

IncRNA Upregulated Downregulated

HOTAIR

RP3- -
461P17

RP1-

30012.2

TIRAP Yes
CDKN2A  Yes
CDKN2B  Yes
lincRNA-  Yes
CDON-1
ANRIL -

Yes
Yes

Yes

Type of immune
system affected in
periodontitis

Innate immune

system

Mechanism
Still unknown
Still unknown

Still unknown
Still unknown
Still unknown

Affects signaling pathways of TLR activation

Regulation of chromatin, ADIPOR1, VAMP3, and
C110RF10 expression. Its downregulation
provokes reduced expression of those markers,
increasing the risk of atherosclerosis, metabolic
syndrome, periodontitis, and several forms of

cancer

Table 3.3 Some examples of methylations in cancer expression

Author/
year Country
[94] Belgium

[95] USA
[96] USA
[97] China

Type of
cancer
involved
Melanoma

Colon
cancer

Lung
cancer

Breast
cancer

Epigenetic

modification

DNMT1

DNMT1

DNMT1

DNMT1

Results

Upregulation Downregulation
of cancer

of cancer
Yes

Yes

Yes

Yes

Yes

Mechanism

Transient depletion of DNMT1 can
lead to long-term activation of
cancer-germline genes and
repression of mitosis/division-
related genes at the same time
Interaction between a subset of
IncRNAs and DNMT1 was
reduced in colon cancer cells,
which contributes to aberrant DNA
methylation and gene expression
in tumorigenesis

There is a cross talk between
tyrosine-protein kinase KIT and
DNMT1 in the development of
drug resistance, which implies an
upregulation of oncogenesis
process by means of that
interaction

DNMT1, DNMT3A, and
DNMT3B commonly or
individually contributed to DNA
methylation in different breast
cancer cells
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Table 3.4 Some examples of histone acetylations in cancer expression

Author/
year
[98]

[99]

[100]

Country
China

Poland

Germany

Type of cancer

involved

Epigenetic

Results

modification of cancer

Hepatocellular Histone

carcinoma

Colorectal
cancer

Lymphoma,
hepatoma,

acetylation
Histone Yes
acetylation
Histone Yes
acetylation

Upregulation Downregulation

of cancer Mechanism

Yes Histone deacetylase (HDAC)
9 increased the expression of
miR-376a by upregulating
the global histone H3K18
acetylation level, which is
inversely correlated with
hepatocellular carcinoma

- Histone H3 lysine 27
acetylation (H3K27Ac) is
upregulated in CRC

- The 5-HTT gene is
epigenetically
downregulated by histone
deacetylation. The 5-HTT
gene is usually silenced in
several types of cancer

Table 3.5 Some examples of miRNAs and IncRNAs in cancer expression

Author/
year
[90]

[89]

(93]

(93]

Country
USA

Taiwan

Germany

China

Type of
cancer
involved
Pancreatic
cancer

Oral
potentially
malignant
disorder

Head and
neck
squamous
cell
carcinoma
Oral
squamous
cell
carcinoma

Oral
squamous
cell
carcinoma

Epigenetic
modification
miR-31

miR-31

miR-146a
and
miR-155

Long
noncoding
RNA-HOX
transcript
antisense
intergenic
RNA
(HOTAIR)
Long
noncoding
RNA-HOX
transcript
antisense
intergenic
RNA
(HOTAIR)

Results
Upregulation
of Cancer
Yes

Yes

Yes

Yes

Yes

Downregulation

of Cancer Mechanism

- Expression of enforced miR-31
significantly enhanced invasion
and migration of multiple
pancreatic cancer cells

- Epithelial dysplasia and miR-31
upregulation synergistically
predict the increased incidence of
recurrence and/or malignant
transformation in patients with
OPMD. Detection of miR-31
expression is an adjuvant method
for screening of high-risk OPMD

- Downregulation of miR-146a and
miR-155 in blood of patients
correlated with the occurrence of
distant metastasis regarding tumor
patients

- HOTAIR was highly expressed in
OSCC tissues and facilitated the
growth of OSCC cells, thus
probably being an eligible
molecular marker for OSCC
diagnosis and prognosis
determination

= Overexpression of HOTAIR
indicated poor overall survival in
OSCC patients. Knockdown of
HOTAIR in OSCC cells decreased
cell proliferation and colony
formation, increased cell invasion
and migration, and induced
apoptosis in vitro
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3.5

Concluding Remarks

Epigenetics is a new field that bridges genetics
with environment, adapting the host response to
the bacterial infection. The interaction between
genetics, immunity epigenetics, and inflammation
might play major roles in periodontitis, connecting
it with systemic conditions. However, further stud-
ies are needed to explore these bridges, their
impact and functions, not only in periodontitis and
systemic conditions that have been drawn in this
chapter but also with other autoimmune diseases.
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Abstract
There is rising interest about influences of
periodontal diseases on systemic health, while
traditional measures cannot quantify peri-
odontal inflammation. Confusing case defini-
tions make the need to quantify periodontal
inflammation greater than ever. Modern mea-
sures of periodontal inflammation depend on
metabolism-mediated changes in salivary
metabolites  (salivary metabolomics)—an
extra mile in salivary diagnostics.

Matrix metalloproteinase-8 fits well into
the latest model of chronic periodontitis poly-
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microbial synergy and dysbiosis (PSD). Once
instituted, host-derived mediators of inflam-
mation perpetuate periodontal inflammation
through cytokines and proteolytic enzymes
including MMP-8, especially in its active
form (aMMP-8). aMMP-8 correlates well
with periodontal disease severity and activity,
is effective in disease monitoring, and is the
most abundant host-derived collagenolytic
matrix metalloproteinase (MMP) in the saliva,
mouth rinse, gingival crevicular and peri-
implant sulcular fluids.

Based on these characteristics, Finnish
periodontologists together with German and
Finnish biotechnology companies invented a
novel aMMP-8§ chairside test kit using unstim-
ulated whole mouth rinse as a substrate. The
point-of-care (PoC) kit measures periodontitis
quickly and accurately through a simple color
change. The test detected initial periodontitis
among adolescents, as well as chronic peri-
odontitis in a variety of clinical scenarios rel-
evant to important reproductive health
parameters and had high validity and reliabil-
ity. When applied to adult Nigerian and ado-
lescent Finnish subjects, researchers stumbled
upon a chance discovery—raised aMMP-8
level among close to 90% of Nigerian preg-
nant women.
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4.1 Introduction

The desire to classify periodontal diseases and
measure periodontal inflammation is as old as
its indices, and there are close to 50 case definitions
in the literature [1]. Despite this, adequate quantifi-
cation of periodontal inflammation has remained
elusive until recently. Links between chronic
periodontitis and systemic conditions are the sub-
ject of huge research efforts. Because of the com-
plexity of these periodontal-systemic associations
and conflicting scientific reports, most of the
associations remain speculative.

As long as we continue to depend on tradi-
tional classifications and indices, the periodontal-
systemic associations will stay speculative.
Millions of patients will continue to suffer the
consequences of these associations, while aca-
demic arguments continue due to the inherent
weakness of traditional indices. The better choice
is for periodontologists to limit traditional indi-
ces to clinical descriptions of disease severity and
embrace the use of inflammatory mediators. This
requires a total paradigm shift, looking beyond
periodontal pockets/attachment loss and embrac-
ing measurable continuous indices of periodontal
inflammatory burden.

Of all available indices, only one; the
periodontal inflamed surface area (PISA) [2]
currently has such a power to precisely
relate inflammatory burden to remote diseases.
The message is clear; though redness, bleeding,
deep pocket, attachment loss, and others are use-
ful, they only signify past and static destruction
but terribly fail to quantify and predict ongoing
or future inflammation in real time. There is a
need to adequately and dynamically measure
periodontal inflammation using parameters/indi-
ces/mediators that take the pathogenesis of peri-
odontitis and gingivitis/pre-periodontitis into
consideration. Depending on plaque levels alone
is futile since the degree of inflammation varies
between low and high responders depending on
genetically-determined levels of response.

We now know that individual response to
inflammatory stimulus is affected by levels of
proinflammatory cytokines and their balance
against anti-inflammatory cytokines [3, 4]. Since

it is also known that certain polymorphisms
affect response levels, the most pragmatic
approach should be to quantify these mediators
of tissue destruction. Adequately measuring the
mediators of periodontal tissue destruction is
even more important because these mediators
remain elevated even after antibiotic and/or man-
ual therapy in certain individuals [4]. Targeted
anti-inflammatory therapies should be selected in
high responders. It has even been suggested that
a proactive investigation of measuring increased
inflammation susceptibility will help in ensuring
more targeted, specific periodontal interventions
with predictable outcomes [4]. This paradigm
shift will also ensure that additional immunos-
timulation is instituted in low responders but
avoided in high responders.

The current management protocols adopt a
“one size fits all” approach which is only modi-
fied after they fail woefully in addressing peri-
odontal inflammation. A bold attempt at ensuring
this paradigm shift came with pockets of attempts
at metabolomics in periodontics. Defined as a
study of metabolites or small molecules gener-
ated by the process of metabolism [5], saliva
gives a great opportunity for metabolomics in
periodontitis. Salivary metabolomics has several
benefits including early detection of pathologic
conditions especially in oral cancer and peri-
odontal diseases. Both conditions share a com-
mon fate of late presentation and accompanying
poor prognosis. The simple and consistent com-
position of saliva and the fact that it can be col-
lected noninvasively with a minimal chance of
nonspecific interference make metabolomics a
great alternative [5].

Blood/serum is useful for many biochemical
assessments, but saliva gives a more objective
reflection of physiological processes in the oral
cavity. It is imperative to overcome the limita-
tions of salivary metabolomics which include
susceptibility to “noise” (due to its great sensitiv-
ity, complexity), and high setup costs. The need
for complex informatics and multiple analytical
platforms also scares intending researchers into
this area [5]. Salivary metabolites can also be
altered by age, sex, collection procedures, circa-
dian rhythm, gland stimulation, diet, sample
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integrity, storage conditions, sample volume, and
others [5]. Despite these challenges, salivary ana-
lytes are stable and cost-effective for storage,
while their collection is pain-free without the
anxiety and risk of infection associated with
venipuncture. Obtaining multiple follow-up sam-
ples is also easy and point-of-care technologies
becoming increasingly available with easy
metabolite identification and no need for prepro-
cessing [5].

The challenges of salivary metabolomics are
not enough reasons to give up on the use of sali-
vary metabolites/markers. A point-of-care sys-
tem overcomes the complexities of preprocessing,
and measuring the right marker ensures adequate
quantification. To be valid, the method of quanti-
fication of periodontal inflammation needs to jus-
tify its choice of marker. It also needs to compare
well with traditional measures of periodontal
inflammation while surpassing them in specific-
ity, reproducibility, predictability, and accuracy.
Cytokines especially interleukin-1, interleukin-6,
and interleukin-10 and matrix metalloproteinases
(MMPs) are of particular interest to periodontics
due to their undeniable roles in the pathogenesis
of chronic periodontitis [4].

Matrix metalloproteinases (MMPs) are a fam-
ily of structurally related but genetically distinct
zinc-dependent proteolytic enzymes. They are
metalloendopeptidases which can destroy the
extracellular matrix and basement membrane
components. Acting in synergy, they regulate
several inflammatory responses [6]. Of the grow-
ing number of MMPs, few are relevant to chronic
periodontitis of which MMP-8, MMP-9, and
MMP-13 are of special interest. MMP-8 is the
most important collagenolytic MMP. Apart from
being the most abundant MMP present in gingi-
val and periodontal tissues, MMP-8 plays an
important role in the pathogenesis of chronic
periodontitis especially in its active form. Active
or activated MMP-8 correlates with active phases:
periodontitis and peri-implantitis [7-9]. There is
also a strong correlation between the severity of
chronic periodontitis and active MMP-8 (aMMP-
8) which results from the cleavage of the latent
inactive proenzyme/zymogene at the N-terminal
peptide [7, 8]. aMMP-8 also correlates with the

severity of chronic periodontitis, is effective for
early diagnosis, and is relevant for monitoring
periodontal health [10]. aMMP-8 levels in oral
fluids (saliva, mouth rinse, gingival crevicular
and peri-implant sulcular fluids) precede and pre-
dict the attachment loss [7-9].

Active MMP-8 thus meditates irreversible tis-
sue destruction associated with periodontitis and
peri-implantitis, a phenomenon described as the
best-known example of site-specific “unwanted
tissue destruction” [7, 8]. For periodontal health,
the tissue destructive activity of aMMP-8 is bal-
anced/kept in check by its corresponding inhibi-
tor—the  tissue  inhibitor = of  matrix
metalloproteinase (TIMP-8). The host response
to the polymicrobial synergy of the dental biofilm
and the eventual derangement/dysbiosis lead to
the dysregulation of the balance MMPs and
TIMPs. Based on overwhelming evidence, one of
such secretions (neutrophil collagenase-2 or
MMP-8) is implicated in the pathogenesis of
chronic periodontitis. The aMMP-8 has been
widely investigated as a marker of periodontal
inflammation and destruction [9, 11]. Current
evidence suggests, therefore, that any imbalance
in favor of active neutrophil collagenase-2/
aMMP-8 will cause collagenous matrix degrada-
tion which will result in the loss of periodontal
supporting tissue, i.e., active periodontal degen-
eration, the hallmark of tissue destructive peri-
odontitis [9, 12].

Periodontal Health Versus
Periodontal Inflammation
and Clinical Measuring

4.2

Our understanding of periodontal health and dis-
ease/inflammation has been radically altered.
This is in the light of current evidence which sug-
gests that the previous notion of a complete
absence of inflammation in periodontal health is
a mere mirage. Current evidence suggests a frag-
ile balance of pro- and anti-inflammatory activi-
ties. This view is supported by the finding that
inflammatory cells are present in apparently
“periodontal healthy” patients in healthy gingival
and periodontal tissues [13, 14]. This fragile
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balance exists between proinflammatory media-
tors and their anti-inflammatory counterparts
resulting in a dynamic or equilibrium [15]. As
long as this “uneasy” balance is maintained, the
clinical observation will be that of “clinically
healthy” periodontal tissues. It becomes impera-
tive for clinicians to bear in mind while making
this diagnosis that “clinically healthy” connotes
the idea of “clinically undetectable” rather than
“completely absent” inflammation. The fact that
inflammation could be present but be clinically
undetectable underpins the limited usefulness of
traditional measures, case definitions, and char-
acterization of inflammatory, biofilm-induced
periodontal diseases, namely, chronic gingivitis
and periodontitis. Traditional diagnostic terms
are majorly descriptive, a good example being
inflammation limited to the margins of the gin-
giva, the so-called chronic marginal gingivitis
(Fig. 4.1). Despite obvious limitations, these tra-
ditional measures are by no means useless; they
are in fact useful in terms of clinical description
of disease. However, their usefulness goes no fur-
ther except when they can be extrapolated to
reflect adequate quantification of periodontal
inflammation as achievable through
PISA. Beyond this, the limited usefulness of tra-
ditional measures of chronic periodontitis is
becoming increasingly obvious.

To effectively manage those “difficult to
explain” cases, periodontologists must embrace
the shift to the measurement of periodontal
inflammation through inflammatory markers and

Fig. 4.1 Inflammation limited to the gingival margin in a
female adult African

salivary metabolomics. The innovation of point-
of-care kits makes this even more versatile in
everyday management of inflammatory peri-
odontal diseases. The neutrophil collagenase-2
(aMMP-8) is a promising point-of-care system in
this regard.

4.3  Validity, Sensitivity,
and Specificity of Neutrophil
Collagenase-2 (aMMP-8)

System

The long history of dependence on clinical mea-
sures of periodontal inflammation cannot be easily
discarded. The gradual paradigm shift will be
expedited by validating the claims of these novel
systems and ascertaining their sensitivity, specific-
ity, and reliability. Recently there are published
studies, which have investigated the validity, sensi-
tivity, specificity, reliability, and reproducibility of
anovel point of care (aMMP-8 chairside test). The
studies had satisfactory results concerning initial
periodontitis in Caucasian adolescents as well as
chronic periodontitis among nigerians [16, 17].

The high validity of the novel system was
reflected in its being 96% sensitive for poor oral
hygiene, 95% sensitive for chronic periodontitis
with at least two with periodontal pockets, and
82.6% sensitive for at least two sites with bleed-
ing on probing (BOP) [16]. The validity of
this novel system was replicated in Finnish ado-
lescents with the sensitivity of 63.6% and a speci-
ficity of 100% [17]. These results among
adolescents helped to confirm the repeatability
(reliability) of the results (Fig. 4.2). Furthermore,
according to Heikkinen et al. (2017), aMMP-8
chairside test detects initial periodontitis in ado-
lescents with predisposing genetic background
with inflammatory mediators, especially for
genetic polymorphisms of matrix metalloprotein-
ase-3 (MMP-3) and vitamin D receptor (VDR)
[18, 19]. The same study group observed just
lately that only TLR4 (rs498670) and TNFSF11
(rs2277438) genes could have a positive correla-
tion with radiological findings suggestive of
initial periodontitis after adjustment for smoking
and visible plaque [20].



4 Topic: aMMP-8 Oral Fluid PoC Test

37

Fig.4.2 (a)
Inflammation in a
16-year-old boy
aMMP-8 test slightly
positive. (b) PerioSafe—
test analysis of negative
(1) <20 ng/ml and
positive (2) >20 ng/ml
adolescent patient with
initial periodontitis

With the high validity and reliability of the
novel aMMP-8 chairside test being established,
the applicability to general health parameters was
investigated, namely, reproductive health param-
eters [21-23].

Justification for aMMP-8
Chairside Test

in Reproductive Health
Parameters

4.4

The possible link between chronic periodontitis
and reproductive health parameters predates the
present century. The concerns have existed for
over one century. This was expressed by the early
focal infection theory of Charles Rosenow in
1909 [24], the focal allergy theory of Berger’s in
1939 [25], and Slauk’s focal toxicosis theory of
the 1940s [26]. The “premature birth” of those
theories ensured their “early death,” but the ideas
resurfaced almost half a decade later with con-
cerns raised by the finding of Linossier and
coworkers 1982 [27]. It was their isolation of
sperm immobilizing factor from necrotic dental
pulp which probably fueled the awakened inter-
est within a few years. This time, the investiga-
tors were neither dentists nor periodontologists;
they were in fact gynecologists =Bieniek and
Riedel.

In 1986, Bieniek and Riedel [28] were curi-
ous about the finding of antibiotic-resistant

t4

<20 >20

ng/ml

bacteriospermia among patients with chronic
periodontitis. This relationship between chronic
periodontitis and fertility was again neglected
until another decade with the landmark work of
Offenbacher and colleagues linking preterm
birth with chronic periodontitis in 1996 [29].
Later, Kavoussi and coworkers [30] reported
links between chronic periodontitis and endome-
triosis in 2009 which was followed up by Kligner
and coworkers who reported sperm motility in
2011 [31]. Hart in 2012 reported a link between
delayed conception [32], while Oguz reported
erectile dysfunction in relation to chronic peri-
odontitis in 2013 [33].

These findings necessitated a search of the lit-
erature for associations between chronic peri-
odontitis and specific reproductive parameters.
The relationship between chronic periodontitis
and reduced libido is unclear with possible
mechanisms including the arginine link. A direct
relationship exists between arginine—a direct
nitrous oxide precursor—and libido in men and
men and women [34, 35]. In men, arginine is
required for achieving and maintaining penile
erection making the enhancement of arginase
activity by P. gingivalis of great importance [36,
37]. A critical biochemical pathway necessary
for male sexual arousal is short-circuited by P.
gingivalis [38]. The fact that salivary arginase
activity increases in patients with chronic peri-
odontitis while periodontal therapy reduces
activity explains the link [39].
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Effect of Chronic
Periodontitis on Erectile
Dysfunction and Sperm
Count

4.5

The arginine link already explains partly the link
between chronic periodontitis and erectile dys-
function which according to the American Sexual
Health Association is the inability to maintain an
erection suitable for intercourse [40]. Other
mechanisms involved the effect of a proinflam-
matory state cause of host-derived mediators of
chronic periodontitis. Prominent among these
mediators is the proinflammatory state promoted
by tumor necrosis factor-o (TNF-ar) and interleu-
kin (IL)-1 and IL-6 [41, 42] which promotes
endothelial dysfunction and injury resulting in
erectile dysfunction through the vasculogenic
pathway [43, 44].

Colagar and coworkers reported a link
between lipid peroxidation/decreasing total
antioxidant capacity and low sperm count
[45]. Raised levels of IL-6, a mediator of
chronic periodontitis, are linked with lipid
peroxidation explaining a possible link
between chronic periodontitis and reduced
sperm count [46].

Kligner and others reported an association
sperm sub-motility and chronic periodontitis [31].

Association Between
Periodontitis
and Conception

4.6

Associations between endometriosis [30], pelvic
inflammatory disease [47], and increased time to
conception [32] have been reported in the litera-
ture. Chronic periodontitis influences pregnancy
outcomes through two possible mechanisms, first
a direct access by periopathogens and second by
mediators of chronic inflammation [48]. F
nucleatum “a potential accessory pathogen”
facilitates the colonization of periodontitis-
associated bacteria [31] through a “gate opener”
effect. Once it translocates to extraoral sites, the

“potential accessory pathogen” of F. nucleatum
changes into an “overt pathogen” status [49].
Evidence exists for the direct hematogenous
spread of F. nucleatum found in the subgingival
biofilm of a stillborn infant whose mother had
pregnancy-associated gingivitis [50]. It also
crossed the endothelium to access the fetal-
placental compartment in experimental models
using E-cadherin-binding FadA adhesin and
TLR4-dependent necroinflammatory response
[S1]. P. gingivalis, probably the most important
periopathogen, induces fetal loss through its

cardiolipin-specific antibody production
[50-52].
4.7 Emerging Racial Differences

on Chronic Periodontitis
and Pregnancy Outcomes

The literature appears indifferent and at best
equivocal on the effect of race on chronic inflam-
mation especially as it relates to periodontitis.
African human umbilical vein endothelial cells
showed greater oxidative stress and inflammation
in vitro with higher nitrous oxide expression
[53]. Some workers have reported a reduced
inflammatory response among Africans due to
“chronic conditioning or priming of innate immu-
nity” leading to attenuated inflammatory respon-
siveness [54]. Africans put up a lower
inflammatory response to endotoxin [55]. This,
however, might not predict acute stress response
in innate immunity-mediated diseases but might
apply to acute inflammation rather than the
chronic endotoxemia in periodontitis [55].
Interleukin-6 (IL-6) and interleukin-10 (IL-
10) relationship is important in the pathogenesis
and response level in chronic periodontitis [4].
Raised interleukin levels are not enough to
explain levels of without a relatively low level of
the anti-inflammatory IL-10 [4]. Raised IL-6 lev-
els have been reported, but the same study failed
to demonstrate racial differences in IL-10, TNF-
o, and C-reactive protein [56]. Their finding
partly explains the elevated aMMP-8 among nine
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of ten Nigerian pregnant women assessed with a
novel aMMP-8 chairside test [21]. Since MMP
activity increases in the prepartum period [57],
raised MMP-8 levels are important for preterm
birth. The findings of Nwhator and coworkers in
2015 [21] are therefore an important step toward
understanding racial differences in preterm birth
deserving further investigation.

The mechanisms mediating delayed concep-
tion and chronic periodontitis [21, 32] are unclear,
and the dearth of literature on the topic is not sur-
prising considering its novelty. However, a direct
relationship exists between levels of tissue inhib-
itor of metalloproteinase (TIMP) and successful
conception post-in vitro fertilization [58]. The
likelihood of the reverse scenario, increased time
to conception by raised MMP-8 levels, deserves
further investigation. To further explore the
mechanisms of association between reproductive
health parameters and periodontitis, a novel
aMMP-8 chairside test was employed amidst
several clinical situations among men and women
in Nigeria.

Role of aMMP-8 Chairside
Test in Specific Periodontal
Health Parameters

4.8

The widespread elevation of aMMP-8 among
black pregnant Nigerians affecting almost 90%
of women independent of demographics, educa-
tional level, and trimester was a surprising chance
finding [21]. The workers further investigated the
possible association between chronic periodonti-
tis and increased time to conception among non-
pregnant [22] fertility clinic attendees trying for

pregnancy and 70 pregnant controls. The odds of
increased time to conception were higher with
suffering from periodontitis assessed with a novel
qualitative aMMP-8 chairside test.

The authors had earlier investigated the effect
of chronic periodontitis on seminal fluid param-
eters using a novel aMMP-8 chairside test and
reported a significant association between sub-
normal sperm count and poor oral hygiene and
across all age groups [23]. The sensitivity of the
aMMP-8 test kit from the Nigerian study was
95% for periodontitis, 96% for poor oral hygiene,
and 82.6% for bleeding on gentle probing
(Table 4.1). All stated sensitivity values of the
aMMP-8 test kit were for two sites with peri-
odontal pockets or bleeding on gentle probing
among adults. Values among adolescents were
similar with 63.6% sensitivity and 100% speci-
ficity. It would be useful to tailor future case defi-
nitions along these lines. As stated -earlier,
elevated aMMP-8 levels were detected among
approximately one of every ten (87%) of preg-
nant Nigerian women using a novel qualitative
aMMP-8 chairside test kit [21]. The novel
aMMP-8 chairside test kit also helped to detect
chronic periodontitis in association with
increased time to conception. Using the same
novel aMMP-8 chairside test kit, workers were
able to detect an association between reduced
sperm count and poor oral hygiene [21].
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Table 4.1 Comparing the aMMP-8 test and bleeding on probing (BOP) and periodontal pockets

Periodontal parameter  Sites involved

BOP >2 19
<2 6
Periodontal pockets® >2 18
<2 34

aMMP-8 test +

aMMP-8 test — Total  Sensitivity ~ P-value
4 23 82.6

15 21 28.6 0.000
1 19 94.7

23 57 59.6 0.003

The aMMP-8 test® was highly sensitive for at least two sites with BOP (82.6%, p = 0.000) and periodontal pockets
(94.7%, p = 0.000). *PerioSafe? at least 4 mm deep periodontal pockets
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Composite Biomaterials: From Lab

to Clinics

Pekka K. Vallittu

Abstract

Although metals, ceramics, and particulate
filler resin composites have successfully been
used as dental and also medical biomaterials
for decades, devices made out of these materi-
als do not meet all clinical requirements and
the present understanding of the importance of
minimally invasive dentistry. For instance,
preparation of large amounts of tooth sub-
stance is needed, the high-strength materials
lack property to be shaped in situ, and metal
objects may interfere with some medical
imaging systems (computer tomography,
magnetic resonance imaging). There has been
a lot of development in the field of composite
biomaterials, which has focused to a large
extent on biodegradable composites. Less
focus has been paid to biostable composites
although they could provide lots of benefits
over the existing biomaterials. This chapter
reviews the rationale of using biostable glass
fiber-reinforced composites (FRCs) in several
dental and surgical applications from restor-
ative and prosthetic dentistry to cranial sur-
gery. Biostability of dental restorations and

implantable medical devices is still important
to ensure success of the treatment in short and
long term. Materials mechanical properties,
biocompatibility, and possibility to add bioac-
tive components to dental and surgical
implants alongside with the clinical experi-
ence suggest that FRC materials are a relevant
new group of biomaterials for clinical medi-
cine and dentistry. FRCs with continuous or
discontinuous glass fibers in biostable thermo-
set resin matrix provide high-strength and
high-toughness nonmetallic biomaterial. By
adding bioceramics, such as bioactive glass, to
the FRC construct, the material combination
supports osteogenesis and vascularization and
provides antimicrobial properties, for exam-
ple, to the implant. Material combination of
FRC and bioactive glass is used clinically
in cranioplasty and cranio-maxillofacial
implants, and they have been investigated also
as oral and orthopedic implants. This is a jour-
ney from lab to clinics.

5.1 Introduction
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Due to several medical and dental application-
related requirements and practical reasons, there
is an ongoing trend toward using nonmetallic
biomaterials. Biodegradable and biostable medi-
cal and dental composite materials have been
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developed considerably in recent decades [1, 2].
Currently, they are used in large scale in den-
tistry, but they can be used clinically also in some
applications in reconstructive medicine. Dental
reconstructions in restorative dentistry and
prosthodontics utilize particulate- and fiber-
reinforced resin composites (FRCs). In medical
implantology, numerous different polymeric
materials, such as polyethylene (PE), polymethyl
methacrylate (PMMA), and polyetheretherke-
tone (PEEK), have been and are under investiga-
tion and are also used clinically, but these
materials have not proven to be perfect solution
for bone reconstruction. In Europe, one million
bone transplantations and worldwide 2.2 million
bone graft procedures are annually performed. In
particular, the need for skull reconstructions, i.e.,
cranioplasties, is increasing only due to an
increase in decompressive craniectomies. There
are large number of infections which relate to
autologous bone flaps and implants of polymeric
materials [3-6]. The current golden standard for
cranial reconstruction is autologous bone graft-

ing or use of titanium plates and meshes. Yet, a
common complication (up to 81%) is autologous
bone flap resorption due to nonviability of the
flap osteocytes. Metals do have other clinical
shortcomings: in long bone applications, high
stiffness of metals causes stress shielding and can
lead to loosening of implant. In cranial surgery,
metals have limitations of imaging and radiation
therapy [7].

This chapter describes fundamental properties
of FRC materials which explain their suitability
for dental and medical biomaterials. Tables 5.1
and 5.2 list clinically and technically relevant
material properties for presently used dental and
medical biomaterials. FRC materials are new
group materials which have been developed and
clinically tested during the last 25 years of time.
Principles behind the development of FRC mate-
rials are in resolving clinical problems of bulk
metals, ceramics, and polymers. Development
has progressed from the level of low medical risk
applications to the applications of higher risks
and more demanding regulatory issues to be

Table 5.1 Clinically and technically important properties of solid biomaterials which have been used in restorative and

prosthetic dentistry as bulk materials

Property Co-Cr Ti Au
Isotropicity + + 4
Anisotropicity = - -
Toughness — +/— +/—
Flexural strength + + +/—
Isoelasticity with dentine - - -
In situ® processability - — —
Thermal isolation = — -
Radiopacity + + +
CT compatible = = -
Milling processability + + +/—
3D printable + + —
Technical bonding? +/— + +—

Thermal expansion match’ = = -

GC ALO; YZP PFR FRC
+ + + + 3=
— — — — +/—
- - - - +

= +/— + - +

- - - +— +

- - - + +

+ + + + +
+/— + + +/— +/—
T T - I T

I T 1 i T

— — — + —

T - - - L

+ + - - +/—#

Co-Cr cobalt-chromium alloys, 7i titanium and its alloys, Au gold alloys, GC glass ceramics, A/,O; aluminum oxide,
alumina, YZP yttrium oxide-stabilized zirconium oxide, PFR particulate filler resin composite, FRC fiber-reinforced

composite
2Continuous unidirectional FRC
"Glass FRC

“In situ processability = possibility to be formed and molded in direct applications
dTechnical bonding = bonding to resin luting cements via surface conditioning
°FRC with interpenetrating polymer network (IPN) polymer matrix

fWith dentine 10 [(°C™") x 10°]
2+ along the direction of fibers, — perpendicular to fibers
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Table 5.2 Clinically important properties of solid biomaterials which have been used in cranioplasty implants exclud-

ing in situ cured bone cements (modified from [94])

Property AB  Titanium HA
Resorbability +/—2  — +
Osteoconductivity +/— o+ +
Osteoinductivity +/—2  — i
Neovascularization +/—2  — i
Flexural strength >600 MPa  — + —
Thermal isolation + = +
Bone-like radiopacity + - +
MRI compatible + +/— +
Antimicrobial = — _
In situ moldable = +/— _
Overlay structure — as _

TCP BGS53P4 PEEK PMMA PE FRC-BG
+ + - - - +/-*
+ + - - - +

+ + — - = +/—¢
+ + — - = +/—¢
- - - - - +

+ + + + + +

+ + - - - +

+ + + + + +

- + - - - +

= = +/— = +—-  +

AB autologous bone, HA hydroxyapatite, TCP tricalciumphosphate, BG bioactive glass S53P4, PEEK polyetheretherk-
etone, PMMA polymethylmethacrylate, PE polyethylene, FRC-BG thermoset glass fiber-reinforced composite with BG

S53P4, MRI magnetic resonance imaging
a“Depending upon the biointegration of the bone flap
"FRC, not resorbable; BG S53P4, resorbable

‘FRC, no; BG S53P4, yes

filled. Thus, research started from removable
dentures and have ended until now to clinically
used bioactive FRC cranial implants. This has
been a journey from lab to clinics.

5.2  Dental Applications for FRC

Development of new biomaterials toward clinical
use has to follow regulations which are covering
medical devices and biomaterials in Europe and
worldwide. Risks, which relate to the newly
developed biomaterials, can be controlled by
selecting the first applications to be short term of
use or the device to be removable in nature.
Development of FRC has begun by introducing
FRC for removable dental prostheses [§—13]. It
took almost 40 years until the FRCs were started
to be used in larger scale clinically. Delay in get-
ting FRC for clinical use was due to problems in
combining resin systems to reinforcing fibers, in
difficulties in handling the FRC technically, and
in rebuttal of accepting new type of materials by
clinical dental profession and dental laboratory
technicians. However, development of the FRC
with new type of resin systems and understand-
ing of designing principles behind of construct-
ing devices, and the clinical experience, have led
to the use of FRCs in a variety of disciplines and

applications: in removable prosthodontics [14—
18], fixed prosthodontics [19-47], restorative
dentistry [46-61], periodontology [39, 62], root
canal systems [63—73], orthodontics [74, 75], and
in repairs of fixed prostheses [76, 77]. Critical
evaluation of the available FRC materials and
correct patient selection are of importance for
successful use of the material.

What is rationale to use FRCs in dentistry?
Although there are several proven dental materi-
als and treatment options based on conventional
dental materials, a large number of the partially
edentulous patients are not treated by fixed den-
tal prostheses to replace their missing teeth or to
repair their damaged biting function. This is
often due to high cost of the state-of-the-art type
of treatments by fixed prostheses and due to
irreversible damage by the treatment when cre-
ating space for metal and ceramic crowns by
cutting enamel and dentine of abutment teeth. It
is paradoxical that the dental profession is
removing the most durable bonding site of teeth
simply due to limitations of processing proper-
ties of conventional and some novel dental
materials. Although some novel nonmetallic
alternative materials, such as yttria-stabilized
zirconia, have become available, the use of zir-
conia requires cutting equal or even larger
amount of enamel and dentine of abutment tooth
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than by using conventional porcelain-fused-to-
metal material combinations.

To have an ideal material for dental restora-
tions, it should be moldable in situ, it should form
durable adhesion to the underlaying tooth sub-
strate, and it should provide high strength and
high toughness after being processed. From the
material science perspective, FRCs fulfill these
requirements. FRC is a material combination of
polymer matrix and reinforcing fibers. Fibers of
the composite are the reinforcing phases in the
system when the load is applied to the composite.
Load is transferred to be carried by the fibers, and
the material becomes strong and tough (Fig. 5.1).
The reinforcing fibers can be continuous unidi-
rectional (rovings), continuous bidirectional
(weaves), continuous random-oriented (mat), or
discontinuous-oriented random fibers.

FRC has properties, which relate to the direc-
tion of fibers: FRC can be isotropic, orthotropic,
or anisotropic. The mechanical, optical, and ther-
mal properties of the FRC are dependent on the
fiber quantity and orientation. A high-quality
glass FRC material with high fiber quantity (up to
ca. 65 vol%) provides high flexural strength (with
E-glass ad 1250 MPa) [66]. A positive correlation
exists between water sorption of polymer matrix
and the reduction of flexural properties. For
instance, high water sorption of polyamide
(nylon) matrix causes reduction of over 50% in
strength of FRC, but the FRC with less hydro-
phobic polymer matrix of acrylates has reduction
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Fig. 5.1 Stress-strain curves for polymer (matrix), rein-
forcing fiber (fiber), and fiber-reinforced composite

of strength of less than 20% only. The reduction
of the flexural properties is reversible, i.e., dehy-
dration of the FRC recovers the mechanical prop-
erties. No significant reduction of flexural
strength and modulus of elasticity by hydrolytic
effect of water even in long-term water storage
(ad 10 years) of glass FRC occurs which demon-
strates the hydrolytic stability of good quality
glass fibers, and their silane coupling agent medi-
ated adhesion with the polymer matrix [78, 79].

The continuous unidirectional fibers provide the
highest strength and modulus of elasticity for the
FRC, but the property is available only in the direc-
tion of stress equal to that of direction of the fibers.
Anisotropic behavior of unidirectional FRCs can
also be seen in other properties, such as thermal
expansion, optical properties, and polymerization
shrinkage of the composite [80, 81]. Controlling the
polymerization shrinkage by aligned discontinuous
glass fibers is utilized in a novel filling composite
resin for bilayered resin composite restorations.
When the reinforcing effect of the fibers is divided
into two or more directions, FRCs are called ortho-
tropic and isotropic with regard to the thermal, opti-
cal, and physical properties.

All Started from Removable
Dentures

5.3

Research on dental FRCs started in the early
1960s when first experiments on using glass
fibers in denture base polymers were made. Glass
fibers were selected as the most suitable fibers
due to their translucency and possibility to
achieve chemical bonding between the fiber and
polymer matrix with silane coupling agents.
Some tests were made to reinforce denture base
polymers also with carbon/graphite fibers and
polyethylene fibers. Only little attention was paid
during that time to the reasons of limited rein-
forcing effects of fibers which was later showed
to relate fraction of poorly impregnated fibers by
powder-liquid-type denture base resins. In the
1990s, studies were published, which showed
that highly viscous resin mixture of polymethyl
methacrylate (PMMA) powder and monomer lig-
uid was not able to adequately impregnate the
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fibers [82—84]. Understanding the fundamental
problem in resin impregnation leads to the devel-
opment of preimpregnation system of the rein-
forcing fibers with porous PMMA. Porous
PMMA between the silanized glass fibers
behaves as a polymer powder in the acrylic resin
mixture. It lowers the polymerization shrinkage
of the resin between the fibers, and as the results,
well-impregnated FRC was achieved.

The fiber reinforcements in denture bases are
divided into two categories. Ladizesky and co-
workers reported a method where fibers were dis-
tributed through the entire denture base. The
approach by Vallittu is based on the concept that
only the weakest part of the denture base (loca-
tion of fracture initiation) is reinforced by pre-
cisely aligned and positioned fiber reinforcement.
Two fiber-reinforcing concepts are called as total
fiber reinforcement (TFR) and partial fiber rein-
forcement (PFR) [9]. Clinical studies have been
performed with FRC-reinforced removable den-
tures, which suggested that PFR offers an effec-
tive and technically easy method to eliminate
fractures in denture base [9].

5.4  Next Step: Fixed Dental

Prostheses

Definitive fixed dental prostheses (FDPs) are
expected to function for years of time in hostile
oral environment. It is known that FRCs can be
used to produce definitive FDPs although soon
after introduction of FRC FDPs in the 1990s this
was questioned. FDPs made of FRC are classi-
fied to surface-retained FDPs, inlay-/onlay-
retained FDPs, full-coverage crown-retained
FDPs, and hybrid FDPs (Fig. 5.2) [39]. The latter
type is a combination of various retaining ele-
ments according to the specific need of the denti-
tion. FRC FDPs can be made directly or indirectly.
Direct FRC FDPs can be bonded to tooth by
polymerization of restorative composite resins
simultaneously with the polymerization of the
FRC. Adhesive properties of FRC bonded
directly to the dentine and enamel have been
studied by Tezvergil et al. showing that only
minor differences could be found between adhe-

Fig. 5.2 Example of a minimally invasive glass FRC
fixed dental prostheses with three pontics. Prostheses is
retained by an inlay in D17 and an inlay with labial bond-
ing wing in D13

sive properties of FRC and particulate filler resin
composite [85, 86]. In the FRC FDPs, the frame-
work between the abutments is made of continu-
ous unidirectional fibers, which offer high
flexural strength. The crowns can be reinforced
with woven fibers or in some fabrication con-
cepts by making a fiber loop of unidirectional
fibers to surround the abutment [25, 26, 87].
Several laboratory and clinical studies emphasize
the importance of correct fiber directions of the
FRC framework on the strength of the FDP
construction.

Surface-retained FRC FDPs are typically used
in anterior and premolar region. The recent labo-
ratory investigations have suggested that opti-
mally designed FRC FDP made on non-prepared
abutments can provide even higher load-bearing
capacity than conventional porcelain-fused-to-
metal FDPs [43]. Inlay-/onlay-retained FDPs are
made by combining the cavities of the abutments
by continuous unidirectional fibers. FRC frame-
work on the flat bottom of the cavity supports the
FDP against vertical occlusal loads. The FDP can
be made indirectly or directly, and this type of
FDP is preferred in the premolar region and the
molar region. In premolar and especially in molar
region, the requirement for the FRC FDP is ade-
quate vertical space for connectors and inlays. In
the connectors, 4 mm of vertical space is needed,
and in the inlays (onlays, crowns) minimum of
2 mmof occlusal space is required for the FRC
and overlaying veneering resin composite.
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Full-coverage crown-retained FDPs are made by
layering woven FRC on prepared abutments.
Abutments are connected with continuous unidi-
rectional fibers and by having an additional piece
FRC to support cusps of the pontics. Veneering
is made with particulate filler resin composite.
The use of full-coverage crowns as retaining ele-
ments of FDPs does not allow treatment to be
according to the principles of minimal invasive-
ness. FRCs can also be used as reinforcements of
provisional FDPs during fabrication of conven-
tional FDPs [88].

5.5 Intothe Root Canal

Root canal anchoring systems are in the same
category of medical device regulatory require-
ments than FDPs. The first FRC root canal posts
were used in Japan in 1600 century. The posts of
that time were made of wood, which is a compos-
ite of cellulose fibers and lignin polymer matrix.
The Father of Dentistry, Pierre Fauchard, pre-
sented silver posts for retaining crowns in the
1800s. Silver was thereafter replaced by dental
gold alloys, which became standard for over hun-
dred years of time. Metal posts are structural and
due to material properties rigid in constructions,
which effectively transfer occlusal loads to the
fragile dentine of the root. Repeated stresses
cause fatigue of dentine and can cause vertical
fracture of the root. By adding so-called extrara-
dicular metal ferrule of width of 1.5-2.0 to the
crown, the root fractures can to large extent be
eliminated. However, the present nonmetallic
crown materials of glass ceramics and resin com-
posites do not have metal ferrule, and thus, the
root fracture elimination has to be done intrara-
dicularly. The so-called modulus compensation is
a method to lower the magnitude of local stress in
root dentin. The modulus compensation is
achieved by selection post material and post
design, which matches to the modulus of elastic-
ity of root. Glass FRCs fulfill the requirement of
isoelasticity with dentine. The use of FRC in root
canal posts to anchor cores and crowns has rap-
idly increased [63—73]. FRC can be used in root
canal as prefabricated solid posts and individu-

ally formed posts, the latter representing to the
most optimal post design [70].

The prefabricated posts are made of reinforc-
ing fibers (carbon/graphite, glass, quartz) and
finally polymerized resin matrix between the
fibers which form a solid post of a predetermined
diameter. Individually formed posts are made of
non-polymerized fiber-resin prepregs, consisting
of glass fibers and light-curing resin matrix. The
rationale of the individually formed FRC post is
to fill the entire space of the root canal by FRC
material [70, 73]. The increased fiber quantity,
especially in the coronal part of the root canal,
increases load-bearing capacity of the system.
Biomechanical behavior of restored tooth can
also better be simulated because the fibers are
located closer to the dentine walls, where the
highest stresses exist. A tooth restored with indi-
vidually formed root canal post system with-
stands cyclic loading of high magnitude for a
long period of time without catastrophic failure
or marginal breakdown of the crown, which can
predispose to the secondary caries. For transfer-
ring the occlusal loads from crown to the indi-
vidually formed FRC post, dentine, and
periodontium, good bonding between the luting
cements, post, and dentine is essential. Adequate
bonding of resin composite luting cements to the
post can clinically be achieved by using FRC post
system where the polymer matrix is composed of
interpenetrating polymer network (IPN) system
which allows monomers of the cement to dis-
solve the surface of the post [63, 89-92]. Cross-
linked polymer matrix of all present prefabricated
FRC posts does not enable bonding of luting
cements or core built-up resin composites to the
post, and therefore mechanical retention of posts
may be used.

5.6 To Replace Amalgam

Although amalgam has shown its many benefits
as dental restorative material, its use is ending
due to environmental reasons. On the population
level, the replacing material should offer high
cost-effect ratio for the treatment outcome.
Particulate filler resin composites have fulfilled
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this in terms of material cost but often failed in
terms of longevity of restorations made by gen-
eral practitioners. One reason for the limited lon-
gevity of restorations is low mechanical strength
of the particulate filler resin composite as mate-
rial and inadequately adjusted occlusion, which
can cause high local stress concentrations and
damage the restoration. Utilization of reinforcing
fibers in filling composites to toughen the mate-
rial has been tested for years [46—61]. Reasons
for the poor success of previous FRC filling
materials have been of selecting of too short dis-
continuous fibers, which were not even in theory
able to increase strength and toughness of the
resin composite. The current concept of using
FRC in fillings is based on bilayered composite
system in which FRC base is made of discontinu-
ous fibers with length of the fibers exceeding the
critical fiber length. At the same time, the fibers
should be short enough to be used within the
dimensions of single tooth (Figs. 5.3 and 5.4).
One interesting observation of using discontinu-
ous FRC is that fibers can be aligned during
packing the composite to the cavity. It has been
shown that fiber orientation can become perpen-
dicular to the axial walls of a cavity, which
reduces polymerization contraction of the com-
posite and improves postcuring adaptation of the
filling to the dentine. Fibers in the FRC increase
toughness and other physical properties of the
material compared to regular filling composites.
Although it is known that protein and microbial

Fig. 5.3 Example of discontinuous glass FRC placed to
reinforce the remaining tooth substance and the resin
composite restoration. FRC base is veneered with regular
particulate filler resin composite

L

Fig.5.4 Longitudinal section of tooth showing the bilay-
ered resin composite filling: base is FRC and occlusal sur-
face is regular filling composite with characterization
paint

adhesion of glass FRC does not considerably dif-
fer from that of particulate filler resin compos-
ites, the occlusal surface of the FRC is covered
with polishable and wear-resistant particulate
filler resin composite. The function of the FRC
base for filling composites is to support the filling
composite layer and serve as a crack propagation
prevention layer.

5.7 Into Bone: Surgical

Applications for FRC

It can be estimated that worldwide over two mil-
lion bone graft procedures of which 280,000 are
because of hip fractures, 700,000 vertebral rea-
sons, and 250,000 wrist fractures, and 700,000
various cranial bone repair reasons are annually
performed [93]. The need for skull reconstruc-
tions is increasing mainly due to an increase in
decompressive craniectomies, a life-saving
maneuver to relieve intracranial pressure result-
ing from swelling of the brain due to, e.g., trauma
or cerebrovascular accidents [94].

Durable and tough FRC materials have proven
their suitability to cranial implantology. To
improve osteoconductivity and osteoinductivity
of the FRC material, particles of bioactive glass
have been added to the surface or inner space of
FRC implants (Fig. 5.5) [94]. Because radiopac-
ity of glass FRC corresponds to that of the cortical
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bone, there are no artifacts in the diagnostic
images, but the implant can be seen in X-rays,
CTs, and MRIs (Figs. 5.6 and 5.7). Radiation
therapy can also be given in the presence of FRC
implant. Table 5.2 lists properties of presently
used cranial implant materials with respect to
their clinically needed properties [94].

Presently, the most commonly used fibers in
medical FRC are made of glass of specific compo-
sition, but carbon/graphite fibers have also been
tested. Glass fibers referred as S-glass are basi-
cally free of leaching ions in physiologically moist
environment like in living tissues with presence of
extracellular liquid. Nominal composition (in
wt%) of commonly used S-glass is SiO, 62-65,

1. Peridural ossification
2. Intraimplant ossification

Fig. 5.5 Schematic drawing of the FRC-bioactive glass
cranial implant. Biostable mesh-like FRC laminates are
the outer and inner surface of the implant. Bioactive glass
particles are packed between the laminates. Bone growth
occurs in the implant (intraimplant ossification) and on
the inner surface of the implant (peridural ossification)

Fig. 5.7 Magnetic
resonance image (MRI)
of a sphenoid-
orbitotemporal
FRC-bioactive glass
implant (white arrows)
and photograph of the
insertion of the implant
(courtesy: Docent Ville
Vuorinen, Turku
University Hospital,
Finland)

AlLO; 20-25, MgO 10-15, B,0; 0-1.2, Na,0O
0-1.1, and Fe,0; 0.2. The use of carbon/graphite
fibers has been limited due to risk of release of
micro and nanometer scale carbon wear debris to
the tissues. Glass fibers of diameter 15—17 pm are
used in implants as continuous fibers which have
been woven to textile form before impregnating
and coupling with resin, and therefore release of
wear debris is not a problem. In the presently used
design of FRC cranial implants, both woven textile

Fig.5.6 Computer tomography (CT) image of the onlay-
type FRC-bioactive glass implant in the temporal area of
skull (courtesy: Professor Kalle Aitasalo, Turku University
Hospital, Finland)




5 Composite Biomaterials: From Lab to Clinics

51

form of fibers and unidirectional continuous fibers
are used in the implant construction. The role of
continuous unidirectional fibers is to connect the
outer and inner surface laminates together for pro-
viding high strength to the implant [36]. Special
features of the FRC cranial implant construction
are mesh-like surface laminates and the presence
of free space between the outer and inner lami-
nates, which is loaded with particles of bioactive
glass (Fig. 5.5) [94].

Polymer matrix of FRC implants is biostable
highly cross-linked acrylic resin. The use of bio-
stable FRC protects brain tissues for tens of
years. Before introduction of glass FRC, bulk
PMMA implants were tested but fabrication of
thin and tough margins of PMMA proved impos-
sible, and the material was changed to FRC [95].
Long-term durability of the cranioplasty implant
is important because according to the present
best knowledge, the cranial defects need years of
time to be closed by a new forming bone even in
the presence of osteoinductive implant materials.
This is the reason why any of the biodegradable
polymers or composites cannot be used for
repairs of large bone defects in the cranium.
Biodegradable polymer-based materials degrade
and lose the mechanical strength too fast in rela-
tion to the bone regeneration. With regard to
degradable metal alloys of magnesium, there are
problems in tissue healing due to release of
hydrogen gas during degradation process [96].

When biostable onlay-type glass FRC implant
is loaded, stress is transferred from resin matrix
to be carried by the reinforcing fibers with spe-
cific orientation, and finally the load is transferred
to the margins of the bone [97]. Initial load trans-
fer from implant to the bone is achieved by fixa-
tion screws and final load transfer by
osseointegration. Thermoset copolymer and the
silanized glass fibers form a durable composite
for fabrication of patient-specific and standard-
shaped implants [98—100].

Biocompatibility of FRC implants is related to
the biocompatibility of its components of poly-
mer matrix, reinforcing glass fibers, silane cou-
pling agent, and bioactive glass. Biocompatibility
of all of these material components processed
ex vivo has been proven by laboratory, preclini-

cal, and clinical studies. By using osteoblasts on
the cell culture model with FRC implants, no
signs of undesired reactions of the material were
found. For instance, when bone marrow-derived
osteoblast-like cells were harvested and cultured
on the FRC material plates and on commercially
pure titanium plates and cell growth and differen-
tiation kinetics were investigated, similar alka-
line phosphatase activities on both FRC and
titanium were observed [101, 102]. In addition,
expression of osteoblastic markers of osteocalcin
and bone sialoprotein indicated that the fastest
osteogenic differentiation took place on FRC
after 7 days. In contrast, a slower differentiation
process was observed on titanium. It was con-
cluded that the proliferation and maturation of
osteoblast-like cells on FRC appeared to be com-
parable to titanium. The presence of BG on the
implant surface enhanced cell maturation.

Preclinical animal experiments have been carried
out to show cell response to FRC in vivo fol-
lowed by clinical studies (Figs. 5.8 and 5.9) [94].

Fig. 5.8 FRC-bioactive glass cranioplasty implant dur-
ing the surgery. Note the penetration of blood with stem
cells and growth factors into the implant

Fig.5.9 FRC-bioactive glass genioplasty implant
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5.8 Role of Bioactive Glass

In many of the FRC implant studies, there have
been bioactive glass (BG) (S53P4) particles on
the surface of the FRC implant [95, 97, 101-105].
BGs are synthetic dissolving biocompatible
osteoconductive-osteoinductive bone substitutes.
Some compositions of BGs have clinically been
used because of antibacterial and angiogenesis-
promoting properties [106—110]. Preclinical ani-
mal experiments with cranial implants have been
made with rabbit model in which the implant
design had two FRC laminates and there were
particles of bioactive glass between the laminates
for improving osteogenesis, angiogenesis, and
antimicrobial properties [94, 111].

There are several various and clinically used
compositions of bioactive silicate glasses. Out of
several compositions and particle sizes of bioac-
tive glass, clinically the most potential bioactive
glass in bone augmentation indications is silicate
glass S53P4 with the nominal composition (in
wt%) of Na,O 23, CaO 20, B,Os 4, and SiO, 53
and average particle size on 500 pm [111].
Leaching of BG and the released ions is behind
the biological function of the glass, and detailed
knowledge of these reactions is a key to selecting
BGs as component in FRC implants. BG S53P4
has shown to fulfill several known requirements
(moderate increase in pH, bacteriostatic proper-
ties, osteoinductivity) for osteogenesis and bone
remodeling.

In biological environment, ions of calcium
and phosphorus are released from the BG, and
they cause biomineralization on the material sur-
face, like on the surface of glass FRC. For cells,
at the early stage of osteogenesis, released ions
from the BG and slightly increased pH due to ion
exchange reactions are inducing differentiation
of mesenchymal stem cells to cell lines for bone
formation (Fig. 5.10). This, in conjunction with
biomineralization, promotes bone growth. It is
essential to understand the microenvironment
where cell differentiation occurs. If the pH
increases too much due to ion exchange by the
BG, differentiation of cells does not happen and
cells can eventually die. Too high increase of pH
can be because of inadequate flow of interstitial

i

Fig.5.10 Histological section (HE staining) of the tissue
sample inside the FRC-bioactive glass implant at the time
point of 2 years. Histology shows presence of active
osteoblasts

liquid, too small particle size of BG, and too
reactive leaching profile of BG due to its compo-
sition. Level of pH where differentiation of mes-
enchymal stem cells is hindered is around 8.5,
whereas the effective differentiation can be seen
in pH of 7.8-8.0 [111]. There is also in vitro
obtained information that BG can induce vascu-
larization, and indeed, histological analysis of the
new bone around BG shows presence of blood
vessels [94, 112].

With regard to osseointegration, i.e., bonding
between the BG of the implant and bone tissue, a
series of reactions starting at the glass surface
followed by a series of biological reactions are
occurring. The different reaction steps taking
place at the glass surface depend mainly on the
glass composition but also on the surface topog-
raphy, surface area of glass, and flow of the inter-
stitial fluid in the microenvironment close to the
glass surfaces. In the subsequent steps, calcium
and phosphate from the solution, and migrating
from the bulk glass, form first amorphous
hydroxyapatite and then crystallize at carbonate-
substituted hydroxyapatite (HA) layer at the glass
surface. This HA layer is compatible with the
biological apatite and provides an interfacial
bonding between the material and tissue [94].

Antibacterial properties of the glasses are
attributed to the local rise of pH level and
increased ion concentration causing increased
osmotic pressure [73]. The US Food and Drug
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Administration (FDA) approved BG 45S5 and
BG S53P4 for certain clinical applications where
antimicrobial properties are required. Increase of
the alkalinity by bioactive glass 45S5 is higher
than with glass S53P4, and therefore glass 45S5
is considered to be more effective in terms of
antimicrobial properties. On the other hand, a
balance between antimicrobial properties, i.e.,
increase of pH and moderate alkalinity and ion
release and osteogenicity, has been found with
BG S53P5. In vitro conditions in the presence of
BG S53P4 showed increase of pH to the level of
7.9 [94, 113]. Antimicrobial efficiency has been
shown for more than 20 microbe species, includ-
ing Staphylococcus aureus and Staphylococcus
epidermidis, which are the most common patho-
gens in periprosthetic infections [114—119].

5.9 TheFirst Clinical Tests

To overcome discomfort and pain by cranial and
facial bone reconstructions based on autologous
bone transplants, and problems related to bioma-
terial implants, patient-specific FRC-BG cranial
implants were started to be used first time in 2007
[23]. Before the time of FRC-BG implants, the
first-generation implants were made of bulk
polymethyl methacrylate (PMMA) which has
been polymerized ex vivo and covered from the
surface with exposing particles of BG S53P4
[94]. Based on the clinical experiences with the
PMMA implants, further improvements in terms
of allowing osteogenesis and vascularization to
occur inside the implant and to have thinner and
cosmetically more pleasant looking margins for
the implants, studies of FRC-BG implants started
(Fig. 5.5) [120-122]. Another aim to use FRC
instead of PMMA was needed to have thin but
tough margins for the onlay implant. FRC mate-
rials are known to have high static and dynamic
strength and toughness.

The first FRC-BG onlay-type implants were
loaded with BG S53P4, and the implant structure
had dense outer and inner surface laminate made
of glass FRC fabric, and between the layers there
were porous glass FRC  particles of
BG. Postoperative positron emission computer

tomography  (PET-CT) examination with
(18F)-fluoride marker has demonstrated activity
of the mineralizing bone by osteoblasts espe-
cially at the margins of the implant into which the
blood was penetrated by capillary forces [94].
When implant of that kind had been analyzed
more in detail after being in situ for 2 years and 3
months, 3D CT reconstructions demonstrated
ossification on the lower surface of implant which
was considered as peridural ossification. Clinical
follow-up study of this type of FRC-BG implant
showed higher survival estimates than for other
implant materials and autologous bone in retro-
spective study material [121]. FRC-BG implants
are used also in CMF applications such as genio-
plasty implants (Fig. 5.6).

Based on the observations of the first-stage
FRC-BG implants, the implant design was
changed for having better interstitial liquid perfu-
sion through the implant by pulsatile movement
of dura mater, which facilitated stem cells and
growth factors from the refreshed bone margins
at the operation site to penetrate into the implant
and become in contact to BG particles and pro-
mote osteogenesis. Release of ions and related
increase of pH by the BG enhanced osteogenesis
and vascularization to occur in the implant and
make the implant microenvironment bacterio-
static. The present design of FRC-BG cranial
implant has received good acceptance by the sur-
geons, and it was approved for clinical use as
patient-specific implant and standard-shaped
implant in Europe in 2014.

5.10 Future Aspects

Versatile properties of FRC in terms of biome-
chanics, possibility to add biologically active
compounds to the medical device structure and
into the polymer matrix of the FRC opens new
horizons for the reconstructive dentistry and
medicine. The limitations which are found to
relate to the present and under development being
biodegradale implant systems and to the to stem
cell based tissue engineering approaches in cra-
nial bone repairs can be overcome by using
FRC-BG implants [123-131]. New applications
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for FRC will be found from orthopedic and
trauma surgery and spine surgery. These applica-
tions will utilize novel techniques to fabricate in
situ moldable implantable devices. Research
from lab to clinics continues.

Acknowledgments The journey from lab to clinics with
FRC biomaterials has been possible by support and con-
tribution of research network of the FRC Research Group
of the BioCity Turku Biomaterials and Medical Device
Research  Program  (www.biomaterials.utu.fi). The
University of Turku and Turku University Hospital are
greatly appreciated.

Disclosure The author is an inventor and scientific con-
sultant in the dental FRC material producing Stick Tech
Ltd—member of GC Group—and has a role also as a
member of the board and shareholder of the Skulle
Implants Corporation.

References

1. Park JB, Lakes RS. Biomaterials: an introduction.
New York: Plenum Press; 1992.

2. Bonfield W, Grynpas M, Tully AE, Bowman J,
Abram J. Hydroxyapatite reinforced polyethylene —
a mechanically compatible implant material for bone
replacement. Biomaterials. 1981;2:185.

3. Bowers C, McMullin JH, Brimley C, Etherlington
L, Siddiqi FA, Riva-Cambrin J. Minimizing bone
gaps when using custom pediatric cranial implants is
associate with implant success. J Neurosurg Pediatr.
2015;10:1-6.

4. Wong RK, Gandolfi BM, St-Hilaire H, Wise M,
Moses M. Complications of hydroxyapatite bone
cement in secondary pediatric craniofacial recon-
struction. J Craniofac Surg. 2011;22:247-51.

5. Gooch MR, Gin GE, Kenning TJ, German
J. Complications of cranioplasty following
decompressive craniectomy: analysis of 62 cases.
Neurosurg Focus. 2009;26:E9.

6. Szpalsky C, Barr J, Wetterau M, Saadeh PB, Warren
SM. Cranial bone defects: current and future strate-
gies. Neurosurg Focus. 2010;29:1-11.

7. Kuusisto N, Vallittu PK, Lassila LV, Huumonen
S. Evaluation of intensity of artefacts in CBCT by radio-
opacity of composite simulation models of implants
in vitro. Dentomaxillofac Radiol. 2015;44(2):157.

8. Smith DC. Recent developments and prospects in
dental polymers. J Prosthet Dent. 1962;12:1066-78.

9. Vallittu PK. Glass fiber reinforcement in repaired
acrylic resin removable dentures: preliminary results
of a clinical study. Quintess Int. 1997;28:39-44.

10. Narva K. Fibre-reinforced denture base polymers.
Clinical performance and mechanical properties.
Thesis. Annales Universitatis Turkuensis. University
of Turku, 2004.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Narva KK, Lassila LVJ, Vallittu PK. The static
strength and modulus of fiber reinforced denture
base polymers. Dent Mater. 2005;21:421-8.

Narva KK, Lassila LVJ, Vallittu PK. Flexural fatigue
of denture base polymer with fiber-reinforced com-
posite reinforcement. Compos A: Appl Sci Manuf.
2005;36:1275-81.

. Waltimo T, Luo G, Samaranayake LP, Vallittu

PK. Glass fibre-reinforced composite laced with
chlorhexidine digluconate and yeast adhesion. J
Mater Sci Mater Med. 2004;15:117-21.

Ladizesky NH. The integration of dental resins
with highly drawn polyethylene fibres. Clin Mater.
1990;6:181-92.

Ladizesky NH, Chow TW. Ward IM.The effect of
highly drawn polyethylene fibres on the mechani-
cal properties of denture base resins. Clin Mater.
1990;6:209-25.

Ladizesky NH, Ho CF, Chow TW. Reinforcement
of complete denture bases with continuous high
performance polyethylene fibers. J Prosthet Dent.
1992;68:934-9.

Cheng Y'Y, Chow TW. Fabrication of complete den-
ture bases reinforced with polyethylene woven fab-
ric. J Prosthodont. 1999;8:268-72.

Ladizesky NH, Chow TW, Cheng YY. Denture base
reinforcement using woven polyethylene fiber. Int J
Prosthodont. 1994;7:307-14.

Korber HK, Korber S. Experimentelle Untersuchungen
zur  Passgenauigkeit von GFK-Bruckengerusten
“Vectris”. Quintess Zahntech. 1998;24:43-53.
Kolbeck C, Rosentritt M, Behr M, Lang R, Handel
G. In vitro examination of the fracture strength of 3
different fiber composite and 1 all-ceramic posterior
inlay fixed partial denture systems. J Prosthodont.
2002;11:248-53.

Loose M, Rosentritt M, Leibrock A, Behr M, Handel
G. In vitro study of fracture strength and marginal
adaptation of fiber-reinforced-composite versus all
ceramic fixed partial dentures. Eur J Prosthod Restor
Dent. 1998;6:55-62.

Gohring TN, Schmidlin PR, Lutzt F. Two-year clini-
cal and SEM evaluation of glass-fiber-reinforced inlay
fixed partial dentures. Am J Dent. 2002;15:35-40.
Behr M, Rosentritt M, Lang R, Handel G. Flexural
properties of fiber reinforced composite using a
vacuum/pressure or a manual adaptation manufac-
turing process. J Dent. 2000;28:509—-14.

Freilich MA, Karmarker AC, Burstone CJ, Goldberg
AJ. Development and clinical applications of a light-
polymerized fiber-reinforced composite. J Prosthet
Dent. 1998;80:311-8.

Freilich MA, Duncan JP, Alarcon EK, Eckrote KA,
Goldberg AJ. The design and fabrication of fiber-
reinforced implant prostheses. J Prosthet Dent.
2002;88:449-54.

Freilich MA, Meiers JC, Duncan JP, Eckrote KA,
Goldberg AJ. Clinical evaluation of fiber-reinforced
fixed bridges. J Am Dent Assoc. 2002;133:1524-34.
Freilich MA, Duncan JP, Meiers JC, Goldberg
AJ. Preimpregnated, fiber-reinforced prostheses.



5 Composite Biomaterials: From Lab to Clinics

55

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Part 1. Basic rationale and complete coverage and
intracoronal fixed partial denture design. Quintess
Int. 1998;29:689-96.

Ahlstrand WM, Finger WJ. Direct and indirect
fiber-reinforced fixed partial dentures: case reports.
Quintess Int. 2002;33:359-65.

Behr M, Hindelang U, Rosentritt M, Lang R, Handel
G. Comparison of failure rates of adhesive-fixed
partial dentures for in vivo and in vitro studies. Clin
Oral Invest. 2000;4:25-30.

Behr M, Rosentritt M, Handel G. Fiber-reinforced
composite crowns and FPDs: a clinical report. Int J
Prosthodont. 2003;15:239-43.

Gohring TN, Mormann WH, Lutz F. Clinical
and scanning electron microscopic evaluation of
fiber-reinforced inlay fixed partial dentures: pre-
liminary results after one year. J Prosthet Dent.
1999:82:662-8.

Gohring TN, Schmidlin PR, Lutz F. Two-year clini-
cal and SEM evaluation of glass-fiber-reinforced
inlay fixed partial dentures. American. J Dent.
2002;15:35-40.

Meiers JC, Duncan JP, Freilich MA, Goldberg
AJ. Preimpregnated, fiber-reinforced prostheses:
Part II. Direct applications: splints and fixed partial
dentures. Quintess Int. 1998;29:761-8.

Meiers JC, Freilich MA. Conservative anterior tooth
replacement using fiber-reinforced composite. Oper
Dent. 2000;25:239-43.

Meiers JC, Freilich MA. Chairside prefabricated
fiber-reinforced composite fixed partial dentures.
Quintess Int. 2001;32:99-104.

Rosentritt M, Behr M, Lang R, Handel
G. Experimental design of FPD made of all-
ceramics and fibre-reinforced composite. Dent
Mater. 2000;16:159-65.

Vallittu PK. The effect of glass fiber reinforcement
on the fracture resistance of a provisional fixed par-
tial denture. J Prosthet Dent. 1998;79:125-30.
Vallittu PK. Prosthodontic treatment with glass
fiber reinforced composite resin bonded fixed par-
tial denture. A clinical report. J Prosthet Dent.
1999;82:132-5.

Sewo6n LA, Ampula L, Vallittu PK. Rehabilitation
of a periodontal patient with rapidly progressing
marginal alveolar bone loss. A case report. J Clin
Periodontol. 2000;27:615-9.

Dyer SC, Lassila LV], Vallittu PK. The effect of
internal fiber arrangement on the delamination fail-
ure in hybrid composite dental prostheses. J Phys
Mesomech. 2004;7:119-22.

Dyer SR, Lassila LVJ, Jokinen M, Vallittu
PK. Effect of fiber position and orientation on frac-
ture load of fiber-reinforced composite. Dent Mater.
2004;20:947-55.

Shinya A, Yokoyama D, Lassila LV, Shinya A,
Vallittu PK. Three-dimensional finite element analy-
sis of metal and FRC adhesive fixed dental prosthe-
sis. J Adhes Dent. 2008;10(5):365-71.

Dyer SR, Lassila LVJ, Alander P, Vallittu PK. Static
strength of molar region direct technique glass-fibre-

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

reinforced composite fixed partial denture. J Oral
Rehabil. 2005;32:351-7.

Ozcan M, Breuklander MH, Vallittu PK. Effect
of slot preparation on the strength oif glass fiber-
reinforced composite inlay retained fixed partial
dentures. J Prosthet Dent. 2005;93:337-45.

Vallittu PK, Shinya A, Baraba A, Kerr I, Keulemans
I, Kreulen C, Lassila L, Malmstom H, Novotny
R, Peumans M, Van Rensburg J, Wolff D, Ozcan
M. Fiber-reinforced composites in fixed prosthodon-
tics — Quo vadis? Dent Mater. 2017;33:877-9.
Malmstom H, Dellanzo-Savu A, Xiao J, Feng C,
Jabeen A, Romero M, Huang J, Ren Y, Yunker
MA. Success, clinical performance and patient sat-
isfaction of direct fibre-reinforced composite fixed
partial dentures — a two-year clinical study. J Oral
Rehabil. 2015;42:906-13.

Kumbuloglu O, Ozcan M. Clinical survival of indi-
rect, anterior 3-unit surface-retained fibre-reinforced
composite fixed dental prosthesis: up to 7.5-years
follow-up. J Dent. 2015;43:656-63.

Butterworth C, Ellakwa AE, Shortall AA. Fiber-
reinforced composites in restorative dentistry. Dent
Update. 2003;30(6):300.

Van Dijken JWV, Sunnegard-Gronberg KS. Fiber-
reinforced packable resin composite in class II cavi-
ties. J Dent. 2006;34:763-9.

Garoushi S, Lassila LVJ, Tezvergil A, Vallittu
PK. Load bearing capacity of fibre-reinforced and
particlulate filler composite resin combination. J
Dent. 2006;34:179-84.

Garoushi S, Lassila LVJ, Tezvergil A, Vallittu
PK. Fiber-reinforced composite substructure: load
bearing capacity of an onlay restoration and flexural
properties of the material. J Contemp Dent Pract.
2006;7:1-8.

Garoushi SK, Lassila LVJ, Vallittu PK. Short fiber
reinforced composite: the effect of fiber length
and volume fraction. J Contemp Dent Pract.
2006;7(5):10-7.

Garoushi S, Vallittu PK, Lassila LVJ. Fracture
resistance of short random oriented glass fiber rein-
forced composite premolar crown. Acta Biomater.
2007;3(5):779-84.

Garoushi S, Lassila LVJ, Vallittu PK. Direct com-
posite resin restoration of damaged incisors using
short fiber-reinforced composite resin. J Dent.
2007;35:731-6.

Garoushi SK, Ballo AM, Lassila LVJ, Vallittu
PK. Fracture resistance of fragmented incisal edges
restored with fiber-reinforced composite. J Adhes
Dent. 2006;8(2):91-5.

Garoushi S, Lassila LVJ, Tezvergil A, Vallittu
PK. Static and fatigue compression test for particu-
late filler composite resin with fiber-reinforced com-
posite substructure. Dent Mater. 2007;23(1):17-23.
Garoushi SK, Vallittu PK, Watts DC, Lassila
LVJ. Polymerization shrinkage of experimental
short glass fiber reinforced composite with semi-
interpenetrating polymer network matrix. Dent
Mater. 2008;24(2):211-5.



56

P. K. Vallittu

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Garoushi S, Vallittu PK, Lassila LVJ. Fracture
toughness, compressive strength and load-bearing
capacity of short glass fiber-reinforced composite
resin. Chin J Dent Res. 2011;14:1-5.

Garoushi S, Vallittu PK, Watts DC, Lassila LV. Effect
of nanofiller fractions and temperature on polym-
erization shrinkage of glass fiber reinforced filling
material. Dent Mater. 2008;24:606-10.

Garoushi SK, Lassila LV, Vallittu PK. Direct com-
posite resin restoration of an anterior tooth: effect
of fiber-reinforced composite substructure. Eur J
Prosthod Restor Dent. 2007;15(2):61-6.

Garoushi S, Vallittu PK, Lassila LVJ. Depth of cure
and surface microhardness of experimental short
fiber-reinforced composite. Acta Odontol Scand.
2008;66:38-42.

Ozcan M, Kumbuloglu O. Chapter 8: Periodontal
and trauma splints using fiber reinforced resin com-
posites. In: Vallittu PK, Ozcan M, editors. Clinical
guide to principles of fiber-reinforced composites in
dentistry. Cambridge: Woodhead Publishing; 2017.
p. 111-24.

Mannocci F, Sheriff M, Watson TF, Vallittu
PK. Penetration of bonding resins into fiber posts:
a confocal microscopic study. Aust Endod J.
2005;38:46-51.

Mannocci F, Ferrari M, Watson TF. Intermittent
loading of teeth restored using quartz fiber, carbon-
quartz fiber, and zirconium dioxide ceramic root
canal posts. ] Adhes Dent. 1999;1:153-8.
Qualthrough AJ, Chandler NP, Purton DG. A com-
parison of the retention of tooth coloured posts.
Quintess Int. 2003;34:199-201.

Lassila LV, Tanner J, Le bell AM, Narva K, Vallittu
PK. Flexural properties of fiber-reinforced root canal
posts. Dent Mater. 2004;20:29-36.

LeBell A-M, Tanner J, Lassila LVJ, Kangasniemi
I, Vallittu PK. Bonding of composite resin luting
cement to fibre-reinforced composite root canal post.
J Adhes Dent. 2004;6:319-25.

LeBell A-M, Lassila LVJ, Kangasniemi I, Vallittu
PK. Bonding of fibre-reinforced composite post to
root canal dentin. J Dent. 2005;33:533-9.

Le Bell-Ronnlot AM, Lassila LV, Kangasniemi I,
Vallittu PK. Load-bearing capacity of human inci-
sor restored with various fiber-reinforced composite
posts. Dent Mater. 2011;27:107-15.

Tanner J, Le Bell-Ronnlof A-M, Vallittu P. Chapter
7: Root canal anchoring systems. In: Vallittu PK,
Ozcan M, editors. Clinical guide to principles of
fiber-reinforced composites in dentistry. Cambridge:
Woodhead Publishing; 2017. p. 97-109.

Ferrari M, Sorrentino R, Juloski J, Grandini S,
Carrabba M, Discepoli N, Ferrari Cagidiaco E. Post-
retained single crowns versus fixed dental prosthe-
ses: A 7-year prospective clinical study. J Dent Res.
2017. https://doi.org/10.1177/0022034517724146.
Sorrentino R, DiMauro MI, Ferrari M, Leone R,
Zarone F. Complications of endodontically treated
teeth restored with fiber posts and single crowns or

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

fixed dental prostheses — a systematic review. Clin
Oral Invest. 2016;20:1449-57.

Vallittu PK. Are we misusing fiber posts. Guest edi-
torial. Dent Mater. 2016;32:125-6.

Rantala LI, Lastumaki TM, Peltomaki T, Valliuttu
PK. Fatigue resistance of removable orthodontic
appliance reinforced with glass fibre weave. J Oral
Rehabil. 2003;30:501-6.

Scribante A, Sfondrini MF. Orthodontic retainers.
In: Vallittu PK, Ozcan M, editors. Clinical guide
to principles of fiber-reinforced composites in den-
tistry. Cambridge: Woodhead Publishing; 2017.
p. 187-202.

Ozcan M, van der Sleen JM, Kurunmiki H, Vallittu
PK. Comparison of repair methods for ceramic-fused-
to-metal crowns. J Prosthodont. 2006;15:283-8.
Vallittu PK. Use of woven glass fibres to reinforce a
composite veneer. A fracture resistance and acoustic
emission study. J Oral Rehabil. 2002;29:423-9.
Vallittu PK, Ruyter IE, Ekstrand K. Effect of water
storage on the flexural properties of E-glass and sil-
ica fiber acrylic resin composite. Int J Prosthodont.
1998;11:340-50.

Vallittu PK. Effect of 180 weeks water storage on the
flexural properties of E-glass and silica fiber acrylic
resin composite. Int J Prosthodont. 2000;13:334-9.
Tezvergil A, Lassila LVJ, Vallittu PK. The effect
of fiber orientation on the thermal expansion coef-
ficients of the fiber reinforced composites. Dent
Mater. 2003;19:471-7.

Tezvergil A, Lassila LVJ, Vallittu PK. The effect of
fiber orientation on the polymerization shrinkage
strain of fiber reinforced composite. Dent Mater.
2006;22:610-6.

Vallittu PK. The effect of void space and polymeri-
sation time on transverse strength of acrylic-glass
fiber composite. J Oral Rehabil. 1995;22:257-61.
Vallittu PK. Impregnation of glass fibers with poly-
methylmethacrylate using powder-coating method.
Appl Compos Mater. 1995;2:51-8.

Vallittu PK. Some aspects of the tensile strength of
unidirectional glass fiber—polymethyl methacrylate
composite used in dentures. J Oral Rehabil.
1998;25:100-5.

Tezvergil A, Lassila LVJ, Vallittu PK. Strength
of adhesive-bonded fiber-reinforced composites
to enamel and dentine substrates. J Adhes Dent.
2003;5:301-11.

Tezvergil A, Lassila LVJ, Vallittu PK. The shear
bond strength of bidirectional and random-oriented
fibre-reinforced composite to tooth structure. J Dent.
2005;33:509-16.

Xie Q, Lassila LV, Vallittu PK. Comparison of
load-bearing capacity of direct resin-bonded fiber-
reinforced composite FPDs with four framework
designs. J Dent. 2007;35:578-82.

Nohrstrom TJ, Vallittu PK, Y1i-Urpo A. The effect of
position and quantity of glass fibers on the fracture
resistance of provisional fixed partial denture. Int J
Prosthodont. 2000;13:72-8.


https://doi.org/10.1177/0022034517724146

5 Composite Biomaterials: From Lab to Clinics

57

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Sperling LH. Over view of IPNs. Interpenetrating
polymer networks. In: Klempner D, Sperling LH,
Utracti LA, editors. Advances in chemistry series,
vol. 239. Washington, DC: American Chemical
Society; 1994. p. 4-6.

Kallio TT, Lastuméki TM, Vallittu PK. Bonding of
restorative and veneering composite resin to some
polymeric composites. Dent Mater. 2001;17:
80-6.

Lastumiki T, Lassila LVJ, Vallittu PK. The semi-
interpenetrating polymer network matrix of fiber-
reinforced composite and its effect on the surface
adhesive properties. J Mater Sci Mater Med.
2003;14:803-9.

Vallittu PK. Interpenetrating polymer networks
(IPNs) in dental polymers and composites. J Adhes
Sci Technol. 2009;23:961-72.

Brydone AS, Meek D, Maclaine AS. Bone graft-
ing, orthopaedic biomaterials, and the clinical need
for bone engineering. Proc Inst Mech Eng Part H.
2010;225:1329-43.

Vallittu PK. Bioactive glass — containing cranial
implants: an overview. J Mater Sci. 2017;52(15):
8772-84.

Aitasalo KMJ, Piitulainen JM, Rekoila J, Vallittu
PK. Craniofacila bone reconstruction with bioac-
tive fiber-reinforced composite implant. Head Neck.
2013;36:722-8.

Byun SH, Lim HK, Kim SM, Lee SM, Kim HE,
Lee JH. The bioresorption and guided bone regen-
eration of absorbable hydroxyapatite-coated magne-
sium mesh. J Craniofac Surg. 2017;28:518-23.
Piitulainen JM, Mattila R, Moritz N, Vallittu
PK. Load-bearing capacity and fracture behaviour
of glass fiber-reinforced composite cranioplasty
implants. J Appl Biomater Funct Mater. 2017.
https://doi.org/10.5301/jabfm.5000375.

Rosen MR. From treating solution to filler surface
and beyond. The life history of a silane coupling
agent. J Coat Technol. 1978;50:70-82.

Matinlinna JP, Dahl JE, Karlsson S, Lassila LV],
Vallittu PK. The effect of the novel silane system
on the flexural properties of E-glass fiber-reinforced
composites for dental use. In Mittal KL, editor.
Silanes and other coupling agents, vol. 5. 6th inter-
national symposium on silanes and other coupling
agents, University of Cincinnati, Cincinnati, OH,
13-15 June 2007; 2009. p. 107-121.

Matinlinna JP, Lassila LVJ, Vallittu PK. Experimental
novel silane system in adhesion promotion between
dental resin and pretreated titanium. Silicon.
2009;1:249-54.

Ballo AM, Cekic-Nagas I, Ergun G, Lassila L,
Palmquist A, Borchardt P, Lausmaa J, Thomsen
P, Vallittu PK, Nirhi TO. Osseointegration of
fiber-reinforced composite implants: histologi-
cal and ultrastructural observations. Dent Mater.
2014;30(12):e384-95.

BalloAM,AkcaEA, OzenT, LassilaL, Vallittu PK, Nérhi
TO. Bone tissue responses to glass fiber-reinforced

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

composite implants — a histomorphometric study. Clin
Oral Implants Res. 2009;20(6):608-15.

Tuusa S, Peltola M, Tirri T, Lassila LV]J, Vallittu PK.
Comparison of two glass fiber-reinforced compos-
ite structures as implant material in calvarial bone
defect. Bioceram Key Eng Mater. 2007;361-363:
471-4.

Tuusa SM-R, Peltola MJ, Tirri T, Puska MA,
Royttd M, Aho H, Sandholm J, Lassila LVJ, Vallittu
PK. Reconstruction of critical size calvarial bone
defect in rabbits with glass-fiber-reinforced compos-
ite with bioactive glass granule coating. J Biomed
Mater Res B Appl Biomater. 2008;84:510-9.

Ballo AM, Kokkari AK, Meretoja V'V, Lassila LVJ,
Vallittu PK, Nérhi TO. Osteoblast proliferation and
maturation on bioactive fiber-reinforced composite.
J Mater Sci Mater Med. 2008;19(10):3169-77.
Hench LL, West JK. Biological applications of bio-
active glasses. Life Chem Rep. 1996;13:187-241.
Hench LL, Xynos ID, Polak JM. Bioactive glasses
for in situ tissue regeneration. J Biomater Sci Polym
Ed. 2004;15(4):543-62.

Vilimiki VV, Aro HT. Molecular basis for action of
bioactive glasses as bone graft substitute. Scand J
Surg. 2006;95(2):95-102.

Boccaccini AR, Minay EJ, Krause D. Bioglass coat-
ings on superelastic NiTi wires by electrophoretic
deposition (EPD). Electrophor Depos Fundam Appl
II Key Eng Mater. 2006;314:219-24.

Ojansivu M, Vanhatupa S, Bjorkvik L, Hakkédnen
H, Kellomdki M, Autio R, Thalainen JA, Hupa L,
Miettinen S. Bioactive glass ions as strong enhanc-
ers of osteogenic differentiation in human adipose
stem cells. Acta Biomater. 2015;21:190-203.
Vallittu PK, Nérhi TO, Hupa L. Fiber glass — bioac-
tive glass implants. Review. Dent Mater. 2015;31:
371-81.

Posti JP, Piitulainen JM, Hupa L, Fagerlund S,
Frantzén J, Aitasalo KM, Vuorinen V, Serlo W,
Syrjanen S, Vallittu PK. A glass fiber-reinforced
composite — bioactive glass cranioplasty implant:
a case study of an early development stage implant
removed due to a late infection. J Mech Behav
Biomed Mater. 2015;55:191-200.

Monfoulet LE, Becquart P, Marcaht D, Vandamme
K, Bourguignon M, Pacard E, Viateau V, Petite H,
Logeart-Avramoglu D. The pH in the microenviron-
ment of human mesenchymal stem cells is a critical
factor for optimal osteogenesis in tissue-engineered
constructs. Tissue Eng Part A. 2014;20:1827-40.
Zhang D, Leppidranta O, Munukka E, Ylidnen
H, Viljane MK, Eerola E, Hupa M, Hupa
L. Antimicrobial effects and dissolution behaviour
of six bioactive glasses. J Biomed Mater Res A.
2010;93:475-83.

Leppéranta O, Vaahtio M, Peltola T, Zhang D, Hupa
L, Hupa M, Yldnen H, Salonen JI, Viljanen MK,
Eerola E. Antimicrobial effect of bioactive glasses
on clinically important anaerobic bacteria in vitro. J
Mater Sci Mater Med. 2008;19:547-51.


https://doi.org/10.5301/jabfm.5000375

58

P. K. Vallittu

116.

117.

118.

119.

120.

121.

122.

123.

Munukka E, Leppdranta O, Korkeaméki M, Vaahtio
M, Peltola T, Zhang D, Hupa L, Yldnen H, Salonen
J1, Viljanen MK, Eerola E. Bacterial effects of bioac-
tive glass on clinically important aerobic bacteria. J
Mater Sci Mater Med. 2008;19:27-32.

Lindfors N, Geurts J, Drago L, Arts JJ, Juutilainen
V, Hyvonen P, Suda AJ, Domenic A, Artiaco S,
Alizadeh C, Brychcy A, Bialecki J, Romano
CL. Antibacterial bioactive glass S53P4, for chronic
bone infections — a multinational study. Adv Exp
Med Biol. 2017;97:81-92.

Stoor P, Soderling E, Grenman R. Interactions
between the bioactive glass S53P4 and the anthropic
rhinitis-associated microorganism klebsiella ozae-
nae. J Biomed Mater Res. 1999;48:869-74.

Stoor P, Soderling E, Salonen JI. Antibacterial
effects of a bioactive glass paste on oral microorgan-
isms. Acta Odontol Scand. 1998;56:161-5.

Aitasalo K, Piitulainen JM, Rekola J, Vallittu
PK. Craniofacial bone reconstruction with bioactive
fibre composite implant. Head Neck. 2014;36:722—
8. https://doi.org/10.1002/hed.23370.

Piitulainen JM, Kauko T, Aitasalo KMJ, Vuorinen
V, Vallittu PK, Posti JP. Outcomes of cranioplasty
with synthetic materials and autologous bone
grafts. World Neurosurg. 2015;83(5):708-14.
https://doi.org/10.1016/j.wneu.2015.01.014. PII:
S1878-8750(15)00036-4

Piitulainen J, Posti JP, Aitasalo K, Vuorinen V,
Vallittu P, Serlo W. Pediatric cranial defect recon-
struction using bioactive fiber reinforced com-
posite implant: early outcomes. Acta Neurochir
(Wien). 2015;157(4):681-7. https://doi.org/10.1007/
s00701-015-2363-2.

Thesleff T, Lehtiméki K, Niskakangas T, Huovinen S,
Mannerstrom B, Miettinen S, Seppidnen-Kaijansinkko

124.

125.

126.

127.

128.

129.

130.

131.

R, Ohman J. Cranioplasty with adipose-derived stem
cells, beta-tricalcium phosphate granules and support-
ing mesh: six-year clinical follow-up results. Stem
Cells Transl Med. 2017. https://doi.org/10.1002/
sctm.16-0410.

Varila L, Lehtonen T, Tuominen J, Hupa M, Hupa
L. In vitro behaviour of three biocompatible glasses
in composite implants. J Mater Sci Mater Med.
2012;23:2425-35.

Athanasiou KA, Agrawal CM, Barber FA,
Burkhart SS. Orthopaedic applications for PLA-
PGA biodegradable polymers. Arthroscopy. 1998;
14(7):726-37.

Middleton JC, Tipton AJ. Synthetic biodegradable
polymers as orthopaedic devices. Biomaterials.
2000;21:2335-46.

Meyer F, Wardale J, Best S, Cameron R, Rushton
N, Brooks R. Effects of lactic acid and glycolic acid
on human osteoblasts: a way to understand PLGA
involvement in PLGA/calcium phosphate composite
failure. J Orthop Res. 2012;30(6):864-71.

Ignatius AA, Claes LE. In vitro biocompatibility of
bioresorbable polymers: poly(L, DL-lactide) and
poly(L-lactide-co-glycolide). Biomaterials. 1996;
17(8):831-9.

Pihlajaméki H, Salminen S, Laitinen O, Tynninen
O, Bostman O. Tissue response to polyglycolide,
polydioxanone, polylevolactide, and metallic pins in
cancellous bone: an experimental study on rabbits.
J Orthop Res. 2006;24(8):1597-606.

Bostman O, Pihlajamiki H. Adverse tissue reactions
to bioabsorbable fixation devices. Clin Orthop Relat
Res. 2000;371:216-27.

Barber FA, Dockery WD. Long-term absorption of
poly-L-lactic acid interference screws. Arthroscopy.
2006;22(8):820-6.


https://doi.org/10.1002/hed.23370
https://doi.org/10.1016/j.wneu.2015.01.014
https://doi.org/10.1007/s00701-015-2363-2
https://doi.org/10.1007/s00701-015-2363-2
https://doi.org/10.1002/sctm.16-0410
https://doi.org/10.1002/sctm.16-0410

®

Check for
updates

Translational Oral Health Research
Implants and Bone Regeneration

M. Sanz, A. Carrillo de Albornoz,

and I. Sanz-Sanchez

Abstract

Immediately after tooth extraction, physiolog-
ical and eventually pathological changes
affect the healing of the alveolar ridge. This
three-dimensional shrinkage of the alveolar
bone is determinant to the subsequent implant
placement. Different surgical protocols have
been proposed as a way to limit these dimen-
sional changes and hence to optimize implant
placement from an aesthetic, patient-friendly
and long-term perspective. The evidence-
based efficacy of these interventions, the indi-
cations and contraindications, and the
advantages and disadvantages of the different
methods are thoroughly discussed.

Ridge augmentation procedures are fre-
quently performed to compensate the struc-
tural changes that occur at the residual alveolar
ridge after tooth extraction, which signifi-
cantly limit bone availability for implant
placement. The correct selection and applica-
tion of the available regenerative techniques
and biomaterials are key determinants of suc-
cess in modern implant therapy. The use of
scaffolding biomaterials, growth factors, cell
therapy and advanced surgical techniques
offers promising potential in the ordinary and
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challenging bone defects. The evidence-based
efficacy of these interventions, the indications
and contraindications, and the advantages and
disadvantages of the different methods are
thoroughly discussed.

6.1 Introduction

Over the past decades, the placement of dental
implants has become a routine procedure in the
oral rehabilitation of fully and partially edentu-
lous patients, and there is a well-established evi-
dence supported by long-term studies (>10 years)
that different implant systems may attain high
success and survival rates [1-3]. These results,
however, were based on the adherence to classi-
cal surgical protocols based on the placement of
dental implants in healed ridges (at least 6 months
after tooth extraction) and after allowing for an
extended healing time (of 3-6 months) without
receiving any functional loading with the goal of
attaining an optimal osseointegration.

This classical clinical protocol for the place-
ment of dental implants has changed significantly
over the past 20 years. From this initial ‘osseoin-
tegration’-oriented protocol, there has been an
evolution towards less stringent unloaded healing
periods with the aim to ‘speed the healing pro-
cess’ and ‘improve patient’s comfort and aes-
thetic result’. Similarly, the indications for

59

6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-78205-8_6&domain=pdf
mailto:marsan@ucm.es

60

M. Sanz et al.

implant therapy have evolved from initially con-
sidering mostly fully edentulous patients with
optimal jaw bone dimensions to the current situ-
ation, where nearly every edentulous space may
be considered suitable for implant placement.
The advent of implants with moderately rough
surfaces has shown evidence of accelerating
osseointegration, thus allowing for less healing
time, even to a minimum. In fact, immediate
loading protocols have been used with a high
degree of predictability under specific clinical
conditions [4]. Similarly, the placement of dental
implants at the time of tooth extraction has sig-
nificantly reduced the treatment time and patient
morbidity [5, 6].

Introduction of three-dimensional imaging
has led to improvements in preoperative diagno-
sis and implant surgery. Guided surgery has
shown to improve the positioning of implants,
shorten the surgical time and reduce postopera-
tive complications [7]. However, the accuracy of
these diagnostic techniques is not always ideal,
and clear guidelines have to be carefully followed
in order to prevent malposition of implants [8].

In situations where insufficient bone is avail-
able for implant therapy, bone augmentation
interventions are routinely carried out with highly
predictable results when the proper indications
are selected and the appropriate surgical tech-
niques and biomaterials are used. In particular,
guided bone regeneration has become a well-
accepted treatment option, either prior to or
simultaneously with implant insertion [9]. In
these clinical situations with deficient bone avail-
ability, other alternatives, such as the use of short
or narrow implants, have also demonstrated pre-
dictable outcomes [10].

In spite of the reported excellent outcomes of
implant therapy, technical, biologic and aesthetic
complications may occur, and their prevention
and treatment have become a key element in
modern implant denstistry [11].

Dental implants may fail due to lack of osseo-
integration during the early healing after implant
installation, and these complications are usually
associated to pain, infection and occasionally
neuropathy. Their aetiology may be related to
local or systemic factors affecting the patient. In

fact, metabolic disorders, such as uncontrolled
diabetes or immune deficiencies, have been asso-
ciated with early implant failures, since these
conditions may interfere with bone apposition
and/or remodelling at the implant-bone inter-
face. Similarly, radiation therapy in the surgical
area or medication, such as bisphosphonates and/
or anticoagulants, may also affect the outcome of
implant placement or increase the frequency of
postoperative complications. Implant treatment
in these compromised patients must adhere to
strict treatment protocols [12].

After osseointegration and functional loading,
peri-implant bone loss may also occur, mainly due
to inflammatory changes in the peri-implant tis-
sues usually in response to oral biofilm accumula-
tion on the implant surfaces or prosthetic
components. More rarely, peri-implant bone loss
may be the consequence of fractures of the implant
or the abutment components. The early inflamma-
tory changes of the peri-implant soft tissues with-
out causing peri-implant bone loss (mucositis)
may be reversible through the establishment of
therapeutic and preventive measures, mainly by
the patient’s adherence to strict oral hygiene regi-
mens and professional maintenance recall pro-
grammes [13]. When the inflammatory changes
coexist with peri-implant bone loss (peri-implanti-
tis), current treatments are not highly predictable
and usually require surgical access for implant sur-
face decontamination and in specific situations
peri-implant bone regeneration [14].

6.2  Surgical Placement Protocols

In the last 20 years, evidence from experimental
research has clearly shown that immediately after
tooth extraction physiological dimensional changes
affect the healing of the alveolar ridge, and most of
these changes will occur within the first 3 months
of socket healing [15]. These height (apico-coro-
nal) and width (bucco-lingual) alterations in the
alveolar ridge would therefore influence subse-
quent implant placement. In light of this evidence,
different surgical protocols have been proposed as
a way to limit these dimensional changes and hence
to optimize implant placement.
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In the Third International Team for
Implantology (ITT) Consensus Conference [16],
four protocols for implant placement were
defined according to the time between tooth
extraction and implant installation:

e Type-1 protocol (immediate implant installa-
tion) when implants were placed in fresh
extraction sockets, with the aim to engage the
remaining socket walls with the implant.

e Type-2 protocol (early implant placement)
when implants were placed approximately
4-8 weeks after tooth extraction. The main
objective of this protocol was to ensure pri-
mary healing of the site assuring the lack of
pathology when placing the implant and, at
the same time, the optimization of the soft tis-
sues available for adequate flap management
mainly in situations when the socket walls
have been partially destroyed and bone regen-
eration interventions in conjunction with
implant placement were indicated.

* Type-3 protocol (early delayed implant place-
ment) when the implants were placed once
most of the dimensional changes in the alveo-
lar ridge had occurred (12—16 weeks).

e Type-4 protocol (healed sites) when the
implants were placed in a fully healed ridge
(typically after more than 16 weeks from the
extraction, although more likely after
6—12 months).

6.3 Immediate Implants

Immediate implant placement after tooth extrac-
tion (i.e. the type-1 implant placement protocol)
has become a common surgical protocol in mod-
ern implant practice. The advantages of this pro-
tocol are in principle very attractive, since there
is a reduced exposure of patients to surgery, less
morbidity, reduced overall treatment period, pos-
sibility of immediate provisional prosthesis, opti-
mal aesthetic outcomes and enhanced patient
acceptance. However, the predictability and suc-
cess of these outcomes depend heavily on strict
selection criterion and very accurate surgical
handling of the fresh extraction socket [17].

Initially, it was claimed that immediate
implant placement would limit the physiologi-
cal bone resorption. However, although the
attaining of osseointegration was highly pre-
dictable, there was no clear clinical and histo-
logical evidence that immediate implant
placement would prevent the physiological pro-
cess of crestal bone modelling and remodelling
during the healing of the extraction socket. In
fact, experimental studies have clearly demon-
strated that the resorptive changes of the resid-
ual socket walls would occur independently of
the timing of implant installation. Thus, signifi-
cant dimensional alterations in the buccal bone
wall, both in apico-coronal and bucco-lingual
directions, have been reported after implant
placement in fresh extraction sockets [18].
These histological findings have been further
corroborated by human clinical trials reporting
significant reductions, both at the bucco-lingual
and apico-coronal dimensions of the alveolar
crest around immediately placed implants [19].
These changes, however, are rather variable, and
different local factors have been identified to
significantly influence these resorptive patterns.
Among these factors, the thickness of the buccal
bone wall, the implant macro-design and the
location where the implant was placed (anterior/
posterior) have shown a significant impact [20].
Since most of the sites in the maxilla have thin
buccal ridges (approximately 87% of the buccal
bone walls presented a width of <1 mm [21]),
the placement of immediate implants has shown
to be risky in the anterior maxilla, mainly in
relation to the advent of aesthetic complica-
tions. Moreover, the buccal bone plate will suf-
fer extensive horizontal bone resorption during
healing, which may cause the loss of the convex
contour of the upper maxilla, with the typical
unaesthetical consequences in subjects with a
high smile line. To partially compensate this
horizontal resorption, the use of bone substi-
tutes with a low resorption rate filling the gap
between the implant surface and the inner bone
plate has shown to significantly reduce this
resorptive process. Therefore, their use should
be advocated when the aesthetic demands are
high [22].
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Other factors, such as the use of a flapless
technique, immediate provisional restorations,
placement of soft tissue grafts or the use of
implant-abutment connections following the
platform-switching concept, have also been
advocated to further counteract these resorptive
changes and thus improve the aesthetic out-
comes with this surgical protocol, although
their specific added value is still unknown
(Fig. 6.1).

From a surgical point of view, the attainment
of a correct 3D implant positioning with good
primary stability in sufficient apical bone avail-
ability is an essential factor for achieving suc-
cessful outcomes with immediate implants.
Additional stability may be obtained by anchor-
ing the implant in the bony structures of the
alveolar walls or inter-radicular septa, although
an excessive buccal positioning of the implant
must always be avoided as well as the choice of
implants that are too congruent with the socket
anatomy. An adequate gap dimension (>2 mm)
between the implant and the inner surface of the
buccal bone plate crestally is fundamental to
allow for satisfactory bone healing [23]. In an
apico-coronal dimension, it is important that the
final position of the implant shoulder is placed
at least 1 mm apical to the buccal ridge, in order
to compensate for the expected vertical resorp-
tion [24].

6.4  Early Implants
It is rather frequent that the integrity of the socket
bone walls is affected by the underlying pathol-
ogy that justified the tooth extraction or by the
possible trauma to the bone during the extraction
procedure. In these situations, where mainly the
buccal bone wall is totally or partially absent, the
immediate implant protocol should not be indi-
cated, and the early implant placement protocol
(type 2) has been proposed. This treatment modal-
ity reduces the risk for postsurgical complications
since it allows for primary healing after tooth
extraction. This proposed healing time
(46 weeks) usually allows for soft tissue healing
but at the same time permits the anchorage of the
implant in the socket walls before they become
fully resorbed. Since the bucal bone wall is either
partially or totally absent, there is a need for
regenerative interventions in conjunction with
implant placement. The presence of adequate soft
tissue usually allows for primary closure, thus
reducing the risks of infeccion and soft tissue
dehiscence. This is especially relevant in the pres-
ence of thin biotypes, where significant hard and
soft tissue resorptive changes usually occur [25].
This surgical protocol is particularly suitable
for bone augmentation techniques, combining
bone grafts and barrier membranes (guided bone
regeneration) since the tissue healing after tooth

Fig. 6.1 Immediate implant placement protocol which
includes (a) and (b) careful and atraumatic tooth extrac-
tion; (c¢) flapless implant placement in the ideal prostheti-
cally driven position; (d) placement of a slow resorbing
bone replacement graft in the buccal gap; (e) placement of

a collagen-based soft tissue substitute to enhance the buc-
cal soft tissue volume; (f) placement of an immediate pro-
visional restoration; (g—i) clinical, radiographical and
aesthetic outcome
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Fig. 6.2 Early implant placement protocol which
includes (a) soft tissue healing 4 weeks after tooth extrac-
tion; (b) alveolar bone healing 4 weeks after tooth extrac-
tion; (c¢) implant placement with resulting dehiscence
defect; (d) placement of an autogenous bone graft over the
exposed implant threads; (e) over-contouring the buccal

extraction provides usually enough soft tissue
coverage that permits primary healing of the
implants and regenerative biomaterials under a
submerged environment (Fig. 6.2). After
5-9 years of follow-up, a low risk of mucosal
recession and the presence of an intact facial
bone in 95% of the patients have been reported
using this surgical protocol [25, 26]. The effi-
cacy of early implant placement in terms of
enhancing the survival of the implants placed to
restore the extracted teeth has been evaluated in
systematic reviews, suggesting that the early
implant placement protocol may offer advan-
tages with regard to preserving the hard and soft
tissues around the implants. A meta-analysis
demonstrated a pooled mean difference between
groups of 13.11% reduction in defect bone
height and 19.85% of reduction of defect bone
width favouring the early placement group [27].

6.5 Ridge Preservation

Another surgical approach designed to counter-
act the resorptive changes of the residual alveolar
ridge is the use of bone replacement grafts, mem-
branes of other regenerative technologies in the
fresh extraction socket immediately after tooth
extraction, thus delaying the placement of the
dental implant. These surgical interventions are

bone crest with a slow resorbing bone replacement graft;
(f) placement of a bioabsorbable collagen membrane fixed
with titanium tags; (g) bone regenerative outcome
4 months after; (h) placement of a provisional restoration;
(i, j) radiographical and aesthetic outcome

called in general socket preservation techniques.
Their efficacy has been tested in both animal and
human studies. Using the dog experimental
model, researchers from the University of
Gothenburg evaluated different biomaterials fill-
ing the socket and evaluated histologically their
impact on the healing of the socket. The use of
slowly resorbing xenografts was shown to coun-
teract significantly the ridge contraction, while
other biomaterials such as autogenous bone
grafts or synthetic biomaterials had minimum
impact on the healing of the socket [28] (Fig. 6.3).

In humans, the application of regenerative
biomaterials, such as bone autografts, allografts,
guided tissue regeneration procedures, xeno-
grafts and, most recently, growth factors, has also
been evaluated with varying degrees of success to
maintain the anatomical dimensions of the alveo-
lar ridge after tooth extraction. Systematic
reviews have evaluated the efficacy of these inter-
ventions reporting that socket preservation tech-
niques do not prevent the physiological resorptive
bone processes after tooth extraction, although
they may significantly reduce the resulting bone
dimensional changes [29]. The results from the
meta-analysis demonstrated statistically signifi-
cant higher alveolar bone crest preservation in
both height and width in the interventions for
ridge preservation when compared with the
healing of the untreated control socket. The
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Fig. 6.3 Socket preservation protocol which includes
(a, b) careful and atraumatic tooth extraction; (c) place-
ment of a slow resorbing bone replacement graft inside
the socket; (d) placement of a collagen-based soft tissue
substitute to seal the socket opening; (e) healing at

results of the meta-regression analysis showed
that the surgical procedures attaining primary
closure of the socket opening (by advancing flaps
of using barrier membranes or soft tissue auto-
grafts) demonstrated a significantly lesser hori-
zontal and vertical resorption of the socket [30].
These results suggest the importance of achiev-
ing full closure and first intention healing, thus
avoiding the contamination and disturbance of
the healing of the biomaterial or regenerative
technology.

6.6 Bone Regeneration

of Residual Alveolar Ridges

Alteration of the anatomy of the residual alveolar
ridge may be the consequence of the underlying
pathology that caused tooth loss (trauma, chronic/
acute infections or severe periodontal disease).
Even in the absence of overt pathological condi-
tions, the loss of mechanical function following
tooth extraction or tooth loss will cause severe
atrophic changes in the residual alveolar ridge,
which may limit the availability for adequate
implant placement. In fact, bone availability is
the main prerequisite for safe and predictable
implant placement, since an adequate amount of
bone is required for attaining the functional sta-
bility of the implant needed to achieve osseointe-

2 weeks; (f) healing at 4 months; (g, h) placement of a
dental implant in the ideal prosthetically driven position;
(i) placement of a provisional restoration; (j) placement
of the final restoration

gration. Moreover, the goal of achieving adequate
aesthetic outcomes requires the optimal three-
dimensional position of the implant following a
planned prosthetic reconstruction. The frequent
presence of residual ridge deficiencies, both in
horizontal and vertical dimensions, demands the
indication of bone augmentation procedures,
either concomitant with implant placement or as
a staged intervention.

These crestal changes may be different
depending on the region of the affected jaw and,
similarly, the functional and aesthetic demands of
the patient may vary, what advocates for an indi-
vidual assessment of the possible need of bone
augmentation procedures. The available bone
crest, therefore, must be carefully evaluated clini-
cally and mainly by means of a three-dimensional
radiographic evaluation with the use of modern
CBCT (cone beam computed tomography)
technologies.

Depending on the main component of the
alveolar crest defects, Seibert [31] proposed three
categories:

e Class 1 defect, when the bone deficiency affected
predominantly the horizontal dimension

e Class 2 defect, when the bone deficiency
affected predominantly the vertical dimension

e Class 3 defect, when the bone deficiency affected
both the vertical and horizontal dimensions
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A careful diagnosis of the residual alveolar
ridge is also fundamental for the selection of the
appropriate regenerative strategy and technology,
although any bone augmentation therapy must be
based in a set of fundamental biological princi-
ples of wound healing, including the promotion
of primary wound closure, the enhancing of cell
delivery and neo-angiogenesis by attaining initial
wound stability and avoiding contamination of
the regenerative process.

Primary closure is, therefore, primordial to
assure an undisturbed environment for healing
and must be assured by appropriate flap manage-
ment and suturing. This requires an adequate
amount of soft tissue present before the regenera-
tive surgery [32]. The resulting flap must cover
the regenerated area, and, when sutured, it should
be relatively passive and tension-free. Proper cell
proliferation and differentiation are also funda-
mental in the wound healing process to provide
the neo-angiogenesis and the differentiation of
the osteogenic cells needed for regenerating the
bone. The main sources of osteogenic cells
include the periosteum and endosteum from the
walls of the bone defects, as well as the bone
marrow. These cells include osteoblasts and
undifferentiated mesenchymal cells, which can
be differentiated into osteoblasts in the presence
of the adequate signalling molecules, nutrients
and growth factors. This process requires ade-
quate blood supply for providing not only oxygen
and nutrients but also as a source of mesenchy-
mal cells. To promote these early healing events,
perforations of the cortical plate have been rec-
ommended to facilitate cell migration [33].
Another key factor that affects the wound healing
is the stability of the blood clot. This is important
since the clot promotes the formation of granula-
tion tissue, which subsequently will develop into
bone [34]. Moreover, the clot contains a myriad
of cytokines (e.g. interleukin-1 (IL-1), IL-8,
tumour necrosis factor), growth factors (e.g.
platelet-derived growth factor (PDGF), insulin-
like growth factor-1 (IGF-1), fibroblast growth
factor-2 (FGF-2)) and signalling molecules that
aid in recruiting cells to promote angiogenesis
and bone regeneration. In most clinical situa-
tions, this clot stability can only be assured when

physical space is provided by means of a scaffold
and by exclusion of the soft tissue cells from the
mucosal. This is usually assured by the place-
ment of a barrier membrane between the bone
replacement graft serving as scaffold and the
inner surface of the flap.

The rationale behind any crestal bone aug-
mentation procedure is not only to establish suf-
ficient bone availability for the safe and
predictable placement of a dental implant but
also to provide adequate bone thickness around
the installed implant. In fact, the influence of
bone thickness around an implant has been evalu-
ated during the second-stage surgery, demon-
strating that thicknesses <1.5 were frequently
associated with bone loss and dehiscence lesions
(exposed implant surface), while as the bone
thickness approached 1.8-2 mm, the occurrence
of dehiscence decreased significantly [35].
Although the ‘adequate’ bone thickness may
vary depending on the macroscopic and micro-
scopic implant configurations, as well as in the
clinical indication, it is generally agreed that at
least 2 mm of the bone on the buccal side of the
implant are needed to achieve long-term stability
of peri-implant soft tissues and hence to attain
adequate aesthetic outcomes [36].

In bone augmentation procedures of the resid-
ual alveolar crest, the treatment strategy may
include the placement of an implant and the
regeneration during the same surgical interven-
tion (one-step procedure) or the delay of implant
placement until enough bone volume has been
augmented (staged procedure). The one-step
procedure is indicated in class 1 defects, when
there is enough vertical bone for placing an
implant with appropriate primary stability and in
the proper prosthetically driven position (lateral
bone augmentation). In class 2 and 3 defects,
depending on the amount of vertical augmenta-
tion needed, the staged procedure is usually
indicated.

Different biomaterials have been tested as bone
replacement grafts and barrier membranes in bone
regenerative interventions in alveolar ridges.

As bone replacement grafts, natural and/or
synthetic biomaterials have been developed,
investigated and used in bone augmentation pro-
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cedures. Autogenous bone grafts (autografts)
have been historically the gold standard in alveo-
lar bone regenerative therapies due to their well-
documented osteoconductive, osteoinductive and
osteogenic properties [37]. Their major limita-
tion, however, is the morbidity and complications
associated with their harvesting, which depends
on the volume needed depending on the size of
the defect. Furthermore, autografts suffer fast
resorption, which requires early implant place-
ment to provide functional loading to the regen-
erated bone, and even with early implant
placement, significant  resorption  occurs.
Particulate bone autografts are usually harvested
from intra-oral sites and used in combination
with barrier membranes following the principles
of guided bone regeneration. Mono-cortical
block autografts are indicated in large crestal
defects, where there is a need for vertical bone
augmentation, since their compressive properties
allow for excellent space maintenance. These
autogenous grafts may be harvested from intra-
or extra-oral sites. Common intra-oral donor sites
are the mandibular chin or the ascending ramus
area, whereas common extra-oral donor sites are
the iliac crest or the calotte. They may be used
alone or in combination with barrier membranes,
and they require fixation to the recipient crestal
site with mini-screws to avoid micro-movements
during healing. Their main disadvantage is the
morbidity associated with their harvesting, and
similar to particulate autografts, their resorption
rate is high.

To overcome these shortcomings, natural or
synthetic bone substitutes, either used alone or in
combination with bone autografts, have become
the standard biomaterials in bone augmentation
procedures. These bone substitutes must fulfil the
following requirements for their use in bone
regeneration in periodontology and oral and
maxillofacial surgery: biocompatibility, osteo-
conductivity, adequate mechanical support to
provide the volume for the regenerated bone, bio-
degradability and being replaced by the patient’s
own bone, although recent studies have suggested
that a slow degradation or even non-resorption
may be advantageous for the maintenance of the
augmented volume.

Depending on their origin, bone substitutes
have been classified in three groups: allografts,
from human origin; xenografts, from another ani-
mal species, usually bovine or equine; and allo-
plasts, which are synthetically produced.
Allografts are bone grafts harvested from cadaver
donors and processed by freezing or demineral-
izing and then sterilized and supplied by spe-
cially licenced tissue banks as bone particles or
blocks. Allografts include fresh-frozen bone
(FFB), freeze-dried bone (FDB) and demineral-
ized freeze-dried bone (DFDB). Their main limi-
tation is the potential risk of cross-infection or
immunologic reactions due to their protein con-
tent, what cannot exclude the possibility of dis-
ease transmission. Nevertheless, there are no
reported cases from the use of demineralized
freeze-dried bone allografts (DFDBA) for dental
purposes in over one million cases over 25 years
[37]. DFDBA have shown osteoconductive as
well as osteoinductive properties, due to the
release of bone morphogenetic proteins (BMPs)
during the demineralization process. Clinically,
these allografts are usually combined with barrier
membranes following the principles of guided
bone regeneration.

Xenografts are graft biomaterials of animal
origin, mainly bovine and equine. These graft
materials are usually de-proteinized by means of
a chemical or low-heat process. This technique
preserves the original bone architecture and the
inorganic mineral bone composition but removes
the organic component, thus preventing any pos-
sibility of immunogenic reactions. Anorganic
bovine bone grafts (ABBG) and de-proteinized
bovine bone mineral (DBBM) have shown good
biocompatibility and osteoconductivity in
preclinical studies when used following the prin-
ciples of GBR, as porous particulate granules
combined with a bioabsorbable collagen barrier
membrane [38]. Moreover, these xenogeneic
grafts have shown a very slow resorption rate
what assures their long-term stability.

Alloplastic bone substitutes are synthetic
grafts that include different combinations of cal-
cium phosphates, bioactive glasses and polymers
fabricated under different manufacturing and sin-
tering conditions, hence resulting in different
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physical properties and resorption rates.
Hydroxyapatite (HA) constitutes the main min-
eral component of the natural bone, and it is the
least soluble of the naturally occurring calcium
phosphate salts, what provides an osteoconduc-
tive scaffolding function, being highly resistant
to physiologic resorption [39]. In contrast, trical-
cium phosphate (TCP) is characterized by rapid
resorption and replacement by host tissue during
the early phases of healing.

Similar to bone replacement grafts, different
types of biomaterials have been tested as barrier
membranes for guided bone regeneration (GBR).
Their specific composition falls into two broad
categories: non-absorbable and bioabsorbable.
Non-absorbable e-PTFE membranes have been
frequently used in bone regeneration clinical
applications, mainly with reinforced titanium
strips, thus providing space-making capacity for
increased bone augmentation. However, the need
of a second surgical intervention for their removal
and the frequent occurrence of postoperative
complications, mainly early membrane exposure,
have limited their clinical use, resulting in the
much broader use of biodegradable membranes.
These bioabsorbable membranes must, however,
ensure that the process of membrane resorption
or biodegradation does not lead to tissue reac-
tions that may affect the outcome of bone regen-
eration. Bioabsorbable membranes are either
natural (xenogeneic collagen type I or III), which
undergo resorption by enzymatic degradation, or
made of synthetic polymers, which, when
inserted in an aqueous environment, undergo
enzymatic degradation by hydrolysis [40]. With
bioabsorbable membranes, the barrier function
duration is variable, since membrane degradation
depends on many factors, such as the membrane
composition, pH, temperature, the polymer crys-
tallization degree and the cross-linking in colla-
gen membranes, and, therefore, these resorptive
processes may vary and interfere with wound
healing and, hence, with the bone regenerative
outcome [41]. Moreover, due to the lack of stiff-
ness and space-making properties of bioabsorb-
able membranes, they will collapse into the bone
defect or onto the implant threads under the ten-
sion of the flap, and thus, the space available for

bone regeneration will be occluded. Since crestal
defects are usually non-contained defects, the use
of a scaffold with either particulate or a bone
block replacement graft is a prerequisite for both
lateral and vertical bone augmentation proce-
dures [42]. The achievement of primary barrier
fixation when the GBR technique is utilized to
correct osseous defects is also necessary mainly
in large defects, as the percentage of postopera-
tive complications increases when barrier fixa-
tion is lacking [43].

The choice of the biomaterial should be based
on the clinical indication. For bone defects
requiring mainly horizontal bone augmentation,
the use of particulate grafts together with barrier
membranes (GBR) has been indicated, especially
in combination with implant placement when
there is enough bone width to allow for good
implant primary stability. A systematic review
evaluating these interventions reported a high
implant survival rate of 97.8% (78-100%) [9].
The meta-analysis performed revealed a mean
defect height reduction (exposed implant sur-
face) for all the procedures of —4.3 mm [95% CI;
—4.9—(—3.7)]. The most frequently used protocol
for simultaneous bone regeneration around an
exposed implant surface was the combination of
a particulate xenograft together with a bioabsorb-
able membrane, showing a mean defect height
reduction of —4.4 mm [95% CI; —5.5-(-=3.4)].
The primary closure of the soft tissues to protect
the graft and the membrane is crucial to achieve
the proper outcome. In this sense, the same sys-
tematic review showed that the exposed cases
experienced a less defect height reduction of
1.01 mm [95% CI; 0.39-1.64] (Fig. 6.4).

For bone defects requiring extensive horizon-
tal augmentation, a staged bone augmentation
procedure is usually indicated. In these situa-
tions, the primary outcome is the bone width
gain, which allows the implant placement in a
second-stage surgery. A systematic review evalu-
ating these interventions reported a high implant
survival rate of 97.8% (78-100%) [9]. The meta-
analysis performed revealed a mean bone width
gain for all the procedures of 3.9 mm [95% CI;
3.5-4.3]. The most frequently used protocol for
stage bone regeneration prior to implant place-
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Fig. 6.4 Lateral bone augmentation protocol which
includes (a) provisional restoration restoring the edentulous
space in the upper right lateral incisor; (b) availability of the
bone for implant placement in the right position; (¢) implant
placement with resulting fenestration defect; (d) placement

ment was the use of autologous bone blocks,
showing a mean bone width gain of 4.3 mm [95%
CI; 3.3-4.9]. In these situations, the graft expo-
sure was associated with a significant reduction
on bone gain, with a mean of 3.1 mm less width
gain [95% CI; 2.6-3.6] compared to nonexposed
cases.

Ridge splitting and expansion were introduced
as alternative approaches to bone grafting and
GBR in narrow ridges. These techniques are
based on the buccal displacement of the cortical
plate through a longitudinal greenstick fracture
and/or bone condensation. The major contraindi-
cation of the split crest technique regards the
impossibility to modify the labio-palatal angle of
implant insertion. In cases where preoperative
anatomic situation involves a crest with insuffi-
cient bone volume plus extreme bone angularity,
the split crest technique may jeopardize correct
implant placement with respect to angulation. In
these anatomic conditions, the GBR technique
predictably allows implant placement in adequate
prosthetically directed position [44].

Although there is clinical and histological evi-
dence that vertical ridge augmentation may be
achieved successfully, the predictability is low
and the number of postoperative complications is

of an autogenous bone graft over the exposed implant
threads; (e) over-contouring the buccal bone crest with a
slow resorbing bone replacement graft; (f) placement of a
bioabsorbable collagen membrane fixed with titanium tags;
(g) bone regenerative outcome 4 months after

high, mainly related to membrane exposure and
the morbidity associated with the donor site when
using autogenous bone grafts.

6.7  Future Technologies

Tissue engineering is making an important
impact on bone regeneration therapy. The use of
cell and gene therapy to enhance and direct peri-
odontal wound healing into a more predictable
regenerative path is being exploited in bioengi-
neering efforts aimed at developing a therapeutic
system to promote bone repair [45]. Various
novel delivery scaffolding systems are being
extensively studied and fabricated. An ideal scaf-
fold should be made of materials that imitate the
structure and properties of natural bone, include
osteoprogenitor cells and provide the adequate
environmental cues. However, development of
optimized scaffolding matrices for the predict-
able regeneration of structurally and physiologi-
cally functional osseous tissues is still an elusive
goal. A major obstacle is how to maximize the
utility of cells/genes delivered to a passive or
permissive environment where there is context
for the type of cell needed but in which very few
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biologic signals are given to encourage normal
cell function [46]. Other obstacles, such as iden-
tifying cell sources and clinically relevant cell
numbers, the integration of new cells into exist-
ing tissue matrices and the achievement of func-
tional properties of tissue equivalents using an
expanded repertoire of biomaterials, also need to
be confronted in the field of tissue engineering.
Practical and regulatory requirements will also
need to be met before the technologies of cell and
gene transfer can be applied in the clinical area.

Collectively, the cell-based, scaffold, and gene
therapy methods interface and complement each
other to enhance the potential to restore tissue
function and structure in a predictable manner. It
is expected that in the future there will be greater
usage of growth factors such as bone morphoge-
netic proteins (BMPs) and platelet-derived
growth factor (PDGF) to accelerate and enhance
the healing potential of the defects, bringing
about faster, easier and predictable treatment
outcomes.

References

1. Buser D, Janner SF, Wittneben JG, Bragger U,
Ramseier CA, Salvi GE. 10-year survival and suc-
cess rates of 511 titanium implants with a sand-
blasted and acid-etched surface: a retrospective study
in 303 partially edentulous patients. Clin Implant
Dent Relat Res. 2012;14(6):839-51. https://doi.
org/10.1111/j.1708-8208.2012.00456.x.

2. Gotfredsen K. A 10-year prospective study of single
tooth implants placed in the anterior maxilla. Clin
Implant Dent Relat Res. 2012;14(1):80-7. https://doi.
org/10.1111/5.1708-8208.2009.0023 1 .x.

3. Ostman PO, Hellman M, Sennerby L. Ten
years later. Results from a prospective single-
centre clinical study on 121 oxidized (TiUnite)
Branemark implants in 46 patients. Clin Implant
Dent Relat Res. 2012;14(6):852-60. https://doi.
org/10.1111/5.1708-8208.2012.00453 .x.

4. Vignoletti F, Sanz M. Immediate implants at fresh
extraction sockets: from myth to reality. Periodontol
2000. 2014;66(1):132-52. https://doi.org/10.1111/
prd.12044.

5. Evans CD, Chen ST. Esthetic
immediate  implant  placements.
Implants  Res.  2008;19(1):73-80.
org/10.1111/5.1600-0501.2007.01413 .x.

6. Lang NP, Pun L, Lau KY, Li KY, Wong MC. A
systematic review on survival and success rates

outcomes of
Clin  Oral
https://doi.

10.

11.

12.

13.

14.

15.

17.

of implants placed immediately into fresh extrac-
tion sockets after at least 1 year. Clin Oral
Implants Res. 2012;23(Suppl 5):39-66. https://doi.
org/10.1111/5.1600-0501.2011.02372.x.

. Hultin M, Svensson KG, Trulsson M. Clinical

advantages of computer-guided implant place-
ment: a systematic review. Clin Oral Implants
Res.  2012;23(Suppl ~ 6):124-35.  https://doi.
org/10.1111/1.1600-0501.2012.02545 .

Van Assche N, Vercruyssen M, Coucke W,
Teughels W, Jacobs R, Quirynen M. Accuracy
of computer-aided implant placement. Clin Oral
Implants Res. 2012;23(Suppl 6):112-23. https://doi.
org/10.1111/5.1600-0501.2012.02552..x.

. Sanz-Sanchez I, Ortiz-Vigon A, Sanz-Martin I,

Figuero E, Sanz M. Effectiveness of lateral bone
augmentation on the alveolar crest dimension:
a systematic review and meta-analysis. J Dent
Res. 2015;94(9  Suppl):1285-42S.  https://doi.
0rg/10.1177/0022034515594780.

Palacios JAV, Garcia JJ, Carames JMM, Quirynen M,
da Silva Marques DN. Short implants versus bone
grafting and standard-length implants placement: a
systematic review. Clin Oral Investig. 2017. https://
doi.org/10.1007/s00784-017-2205-0.

Jung RE, Zembic A, Pjetursson BE, Zwahlen M,
Thoma DS. Systematic review of the survival rate and
the incidence of biological, technical, and aesthetic
complications of single crowns on implants reported
in longitudinal studies with a mean follow-up of 5
years. Clin Oral Implants Res. 2012;23(Suppl 6):2-21.
https://doi.org/10.1111/j.1600-0501.2012.02547 .x.
Diz P, Scully C, Sanz M. Dental implants in the medi-
cally compromised patient. J Dent. 2013;41(3):195—
206. https://doi.org/10.1016/j.jdent.2012.12.008.
Schwarz F, Becker K, Sager M. Efficacy of profes-
sionally administered plaque removal with or without
adjunctive measures for the treatment of peri-implant
mucositis. A systematic review and meta-analysis.
J Clin Periodontol. 2015;42(Suppl 16):5202-13.
https://doi.org/10.1111/jcpe.12349.

Sanz M, Chapple IL. First European consensus work-
shop in periodontal education—objectives and overall
recommendation. Eur J Dent Educ. 2010;14(Suppl 1):1.
https://doi.org/10.1111/j.1600-0579.2010.00618.x.
Discepoli N, Vignoletti F, Laino L, de Sanctis M,
Munoz F, Sanz M. Early healing of the alveolar pro-
cess after tooth extraction: an experimental study in
the beagle dog. J Clin Periodontol. 2013;40(6):638—
44. https://doi.org/10.1111/jcpe.12074.

. Hammerle CH, Chen ST, Wilson TG Jr. Consensus

statements and recommended clinical procedures
regarding the placement of implants in extrac-
tion sockets. Int J Oral Maxillofac Implants.
2004;19(Suppl):26-8.

Buser D, Chappuis V, Belser UC, Chen S. Implant
placement post extraction in esthetic single tooth sites:
when immediate, when early, when late? Periodontol
2000. 2017;73(1):84-102. https://doi.org/10.1111/
prd.12170.


https://doi.org/10.1111/j.1708-8208.2012.00456.x
https://doi.org/10.1111/j.1708-8208.2012.00456.x
https://doi.org/10.1111/j.1708-8208.2009.00231.x
https://doi.org/10.1111/j.1708-8208.2009.00231.x
https://doi.org/10.1111/j.1708-8208.2012.00453.x
https://doi.org/10.1111/j.1708-8208.2012.00453.x
https://doi.org/10.1111/prd.12044
https://doi.org/10.1111/prd.12044
https://doi.org/10.1111/j.1600-0501.2007.01413.x
https://doi.org/10.1111/j.1600-0501.2007.01413.x
https://doi.org/10.1111/j.1600-0501.2011.02372.x
https://doi.org/10.1111/j.1600-0501.2011.02372.x
https://doi.org/10.1111/j.1600-0501.2012.02545.x
https://doi.org/10.1111/j.1600-0501.2012.02545.x
https://doi.org/10.1111/j.1600-0501.2012.02552.x
https://doi.org/10.1111/j.1600-0501.2012.02552.x
https://doi.org/10.1177/0022034515594780
https://doi.org/10.1177/0022034515594780
https://doi.org/10.1007/s00784-017-2205-0
https://doi.org/10.1007/s00784-017-2205-0
https://doi.org/10.1111/j.1600-0501.2012.02547.x
https://doi.org/10.1016/j.jdent.2012.12.008
https://doi.org/10.1111/jcpe.12349
https://doi.org/10.1111/j.1600-0579.2010.00618.x.
https://doi.org/10.1111/jcpe.12074
https://doi.org/10.1111/prd.12170
https://doi.org/10.1111/prd.12170

70

M. Sanz et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Vignoletti F, de Sanctis M, Berglundh T,
Abrahamsson I, Sanz M. Early healing of implants
placed into fresh extraction sockets: an experimen-
tal study in the beagle dog. II: Ridge alterations. J
Clin Periodontol. 2009;36(8):688-97. https://doi.
org/10.1111/5.1600-051X.2009.01439.x.

Sanz M, Cecchinato D, Ferrus J, Pjetursson EB,
Lang NP, Lindhe J. A prospective, randomized-
controlled clinical trial to evaluate bone preser-
vation using implants with different geometry
placed into extraction sockets in the maxilla. Clin
Oral Implants Res. 2010;21(1):13-21. https://doi.
org/10.1111/5.1600-0501.2009.01824.x.

Ferrus J, Cecchinato D, Pjetursson EB, Lang NP, Sanz
M, Lindhe J. Factors influencing ridge alterations fol-
lowing immediate implant placement into extraction
sockets. Clin Oral Implants Res. 2010;21(1):22-9.
https://doi.org/10.1111/j.1600-0501.2009.01825 x.
Huynh-Ba G, Pjetursson BE, Sanz M, Cecchinato
D, Ferrus J, Lindhe J, et al. Analysis of the socket
bone wall dimensions in the upper maxilla in rela-
tion to immediate implant placement. Clin Oral
Implants  Res.  2010;21(1):37-42.  https://doi.
org/10.1111/5.1600-0501.2009.01870.x.

Sanz M, Lindhe J, Alcaraz J, Sanz-Sanchez I,
Cecchinato D. The effect of placing a bone replace-
ment graft in the gap at immediately placed implants:
a randomized clinical trial. Clin Oral Implants Res.
2017;28(8):902-10. https://doi.org/10.1111/clr.12896.
Morton D, Chen ST, Martin WC, Levine RA, Buser
D. Consensus statements and recommended clinical
procedures regarding optimizing esthetic outcomes
in implant dentistry. Int J Oral Maxillofac Implants.
2014;29(Suppl):216-20.  https://doi.org/10.11607/
jomi2013.g3.

Tomasi C, Sanz M, Cecchinato D, Pjetursson B,
Ferrus J, Lang NP, et al. Bone dimensional varia-
tions at implants placed in fresh extraction sock-
ets: a multilevel multivariate analysis. Clin Oral
Implants  Res.  2010;21(1):30-6.  https://doi.
org/10.1111/j.1600-0501.2009.01848 x.

Chappuis V, Rahman L, Buser R, Janner SFM,
Belser UC, Buser D. Effectiveness of contour aug-
mentation with guided bone regeneration: 10-year
results. J Dent Res. 2018;97(3):266-74. https://doi.
org/10.1177/0022034517737755.

Buser D, Martin W, Belser UC. Optimizing esthetics
for implant restorations in the anterior maxilla: ana-
tomic and surgical considerations. Int J Oral maxil-
lofac Implants. 2004;19(Suppl):43-61.

Sanz I, Garcia-Gargallo M, Herrera D, Martin
C, Figuero E, Sanz M. Surgical protocols for
early implant placement in post-extraction sock-
ets: a systematic review. Clin Oral Implants
Res. 2012;23(Suppl 5):67-79. https://doi.
org/10.1111/j.1600-0501.2011.02339.x.

Araujo MG, Lindhe J. Socket grafting with the use of
autologous bone: an experimental study in the dog.
Clin Oral Implants Res. 2011;22(1):9-13. https://doi.
org/10.1111/j.1600-0501.2010.01937 .

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ten Heggeler JM, Slot DE, Van der Weijden GA. Effect
of socket preservation therapies following tooth extrac-
tion in non-molar regions in humans: a systematic
review. Clin Oral Implants Res. 2011;22(8):779-88.
https://doi.org/10.1111/j.1600-0501.2010.02064 .x.
Vignoletti F, Matesanz P, Rodrigo D, Figuero E,
Martin C, Sanz M. Surgical protocols for ridge pres-
ervation after tooth extraction. A systematic review.
Clin Oral Implants Res. 2012;23(Suppl 5):22-38.
https://doi.org/10.1111/j.1600-0501.2011.02331.x.
Seibert JS. Reconstruction of deformed, partially
edentulous ridges, using full thickness onlay grafts.
Part 1. Technique and wound healing. Compend
Contin Educ Dent. 1983;4(5):437-53.

Goldstein M, Boyan BD, Schwartz Z. The palatal
advanced flap: a pedicle flap for primary coverage of
immediately placed implants. Clin Oral Implants Res.
2002;13(6):644-50.

Buser D, Dula K, Belser UC, Hirt HP, Berthold
H. Localized ridge augmentation using guided bone
regeneration. II. Surgical procedure in the mandible.
IntJ Periodontics Restorative Dent. 1995;15(1):10-29.
Wang HL, Kiyonobu K, Neiva RF. Socket aug-
mentation: rationale and technique. Implant Dent.
2004;13(4):286-96.

Spray JR, Black CG, Morris HF, Ochi S. The influ-
ence of bone thickness on facial marginal bone
response: stage 1 placement through stage 2 uncover-
ing. Ann Periodontol. 2000;5(1):119-28. https://doi.
org/10.1902/annals.2000.5.1.119.

Schwarz F, Sahm N, Becker J. Impact of the out-
come of guided bone regeneration in dehiscence-type
defects on the long-term stability of peri-implant
health: clinical observations at 4 years. Clin Oral
Implants  Res.  2012;23(2):191-6.  https://doi.
org/10.1111/.1600-0501.2011.02214 .

Yukna RA. Synthetic bone grafts in periodontics.
Periodontol 2000. 1993;1:92-9.

Hockers T, Abensur D, Valentini P, Legrand R,
Hammerle CH. The combined use of bioresorbable
membranes and xenografts or autografts in the treatment
of bone defects around implants. A study in beagle
dogs. Clin Oral Implants Res. 1999;10(6):487-98.
Sanz M, Vignoletti F. Key aspects on the use of
bone substitutes for bone regeneration of edentulous
ridges. Dent Mater. 2015;31(6):640-7. https://doi.
org/10.1016/j.dental.2015.03.005.

Jung RE, Zwahlen R, Weber FE, Molenberg A,
van Lenthe GH, Hammerle CH. Evaluation of an
in situ formed synthetic hydrogel as a biodegrad-
able membrane for guided bone regeneration. Clin
Oral Implants Res. 2006;17(4):426-33. https://doi.
org/10.1111/5.1600-0501.2005.01228.x.

Hammerle CH, Jung RE. Bone augmentation by
means of barrier membranes. Periodontol 2000.
2003;33:36-53.

Benic GI, Hammerle CH. Horizontal bone aug-
mentation by means of guided bone regeneration.
Periodontol 2000. 2014;66(1):13—40. https://doi.
org/10.1111/prd.12039.


https://doi.org/10.1111/j.1600-051X.2009.01439.x
https://doi.org/10.1111/j.1600-051X.2009.01439.x
https://doi.org/10.1111/j.1600-0501.2009.01824.x
https://doi.org/10.1111/j.1600-0501.2009.01824.x
https://doi.org/10.1111/j.1600-0501.2009.01825.x
https://doi.org/10.1111/j.1600-0501.2009.01870.x
https://doi.org/10.1111/j.1600-0501.2009.01870.x
https://doi.org/10.1111/clr.12896
https://doi.org/10.11607/jomi2013.g3
https://doi.org/10.11607/jomi2013.g3
https://doi.org/10.1111/j.1600-0501.2009.01848.x
https://doi.org/10.1111/j.1600-0501.2009.01848.x
https://doi.org/10.1177/0022034517737755
https://doi.org/10.1177/0022034517737755
https://doi.org/10.1111/j.1600-0501.2011.02339.x.
https://doi.org/10.1111/j.1600-0501.2011.02339.x.
https://doi.org/10.1111/j.1600-0501.2010.01937.x
https://doi.org/10.1111/j.1600-0501.2010.01937.x
https://doi.org/10.1111/j.1600-0501.2010.02064.x
https://doi.org/10.1111/j.1600-0501.2011.02331.x.
https://doi.org/10.1902/annals.2000.5.1.119
https://doi.org/10.1902/annals.2000.5.1.119
https://doi.org/10.1111/j.1600-0501.2011.02214.x
https://doi.org/10.1111/j.1600-0501.2011.02214.x
https://doi.org/10.1016/j.dental.2015.03.005.
https://doi.org/10.1016/j.dental.2015.03.005.
https://doi.org/10.1111/j.1600-0501.2005.01228.x
https://doi.org/10.1111/j.1600-0501.2005.01228.x
https://doi.org/10.1111/prd.12039
https://doi.org/10.1111/prd.12039

6 Translational Oral Health Research Implants and Bone Regeneration 71

43.

44.

Carpio L, Loza J, Lynch S, Genco R. Guided bone
regeneration around endosseous implants with anor-
ganic bovine bone mineral. A randomized controlled
trial comparing bioabsorbable versus non-resorbable
barriers. J Periodontol. 2000;71(11):1743-9. https://
doi.org/10.1902/jop.2000.71.11.1743.

Ferrigno N, Laureti M. Surgical advantages
with ITI TE implants placement in conjunc-
tion with split crest technique. 18-month results
of an ongoing prospective study. Clin Oral

45.

46.

Implants Res. 2005;16(2):147-55.
org/10.1111/j.1600-0501.2005.01125.x.
Rios HF, Lin Z, Oh B, Park CH, Giannobile WV. Cell-
and gene-based therapeutic strategies for periodontal
regenerative medicine. J Periodontol. 2011;82(9):1223—
37. https://doi.org/10.1902/jop.2011.100710.
Ramseier CA, Abramson ZR, Jin Q, Giannobile
WV. Gene therapeutics for periodontal regenerative
medicine. Dent Clin N Am. 2006;50(2):245-63., ix.
https://doi.org/10.1016/j.cden.2005.12.001.

https://doi.


https://doi.org/10.1902/jop.2000.71.11.1743
https://doi.org/10.1902/jop.2000.71.11.1743
https://doi.org/10.1111/j.1600-0501.2005.01125.x
https://doi.org/10.1111/j.1600-0501.2005.01125.x
https://doi.org/10.1902/jop.2011.100710
https://doi.org/10.1016/j.cden.2005.12.001

®

Check for
updates

A Critical Reason for Conducting
Clinical Trials Is that Results

with Humans Are Not Necessarily
Predictable from Preclinical

Studies

Bruce J. Baum

Abstract

In the biomedical sciences, when developing
any new therapy for all types of human dis-
eases, the typical sequence pathway followed
progresses from laboratory bench research
(e.g., studies in a test tube or cell culture), to
experiments in an animal model, and finally to
human clinical trials. The most often consid-
ered and obvious reasons for the early-stage
(phase I/II) clinical trials are to ensure ade-
quate safety and efficacy before allowing
widespread administration of the therapy.
However, there is another, critically important
reason, not often discussed, which is that
results from human clinical trials often are not
entirely predictable from the preceding pre-
clinical studies. Herein, this important reason
is addressed using examples from the develop-
ing field of gene therapy targeting three quite
different clinical disorders: cystic fibrosis,
severe combined immunodeficiency X1, and
irradiation-induced salivary hypofunction.
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7.1 Introduction

The last 30 years has seen an explosion in the
amount of biological knowledge gained. As
someone who earned a Ph.D. in biochemistry in
1974 without any training in what has become
known as molecular biology, this explosion of
information is part of my personal experience.
While I was in graduate school, the polymerase
chain reaction (PCR), reverse transcriptase,
restriction endonucleases, routine and easy DNA
sequencing, and the like were just simply not part
of scientists’ knowledge base or even in the gen-
eral imagination of more than a rare few. At pres-
ent these and many other molecular biological
tools are mundanely used in all types of laborato-
ries around the world. Furthermore, in many
cases these tools have delivered substantial ben-
efits related to the treatment of human disease.

I began to work in the field of gene therapy in
1991 shortly after the first paper was published
demonstrating the feasibility of its use in humans
[1]. It was a heady time for those working in the
field, as there was unbridled optimism that the
methods available generally were straightfor-
ward and that various successes in animal models
would soon translate to comparable successes in
the clinic. However, that beneficial translation
was much slower to be achieved than expected
and serious problems also occurred (e.g., [2, 3]).
Even today, gene therapy can be considered a
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biological treatment that is just beginning to
show return on its promises [4].

While there are now several excellent exam-
ples of gene therapy benefiting patients, for me,
during the time I have worked in this field, there
have been three major lessons that will be evident
throughout the discussion herein: (1) it is criti-
cally necessary to appreciate the many nuances
of human physiology and pathology, (2) at the
current time relatively little (only a small frac-
tion) is known about molecular biology-nucleic
acid biochemistry, and (3) there are significant
limitations to most of the molecular tools now
available to treat patients, even those applicable
to patients with “straightforward” single gene
defects. Most importantly, these lessons present
an overarching and critical take home lesson for
all individuals trying to develop novel therapies
for humans—it is essential to study humans.
Results from preclinical animal studies may not
predict what will be observed in early-phase clin-
ical trials. Simply put, in order to treat human
patients better, it is necessary to conduct experi-
ments on humans. This need exists despite (1) an
incomplete knowledge base about the disease
and the molecular or other biological therapies
being performed and (2) a lack of ideal tools with
which to perform the desired treatment.

The approach employed herein will be to give
specific and relevant examples from three areas
of gene therapy research that have transitioned
from bench toward the bedside: cystic fibrosis
(CF), severe combined immunodeficiency X1
(SCID X1; “boy in the bubble” disease), and my
own work on irradiation (IR)-induced salivary
hypofunction. Each example will, to varying
degrees, demonstrate the three lessons described
above, as well as the bottom-line message of the
critical importance of conducting, and learning
from, human clinical trials.

7.2  Cystic Fibrosis

CF is a fairly common inherited disorder. While
it affects many organs, its major and most life-
threatening manifestations occur in the lung [5].
CF results from a mutation in a single gene,

which encodes a chloride transport protein
termed the CF transmembrane conductance regu-
lator (CFTR). Mutations that impede CFTR’s
physiological role lead to altered water move-
ment and mucociliary dysfunction in lung epithe-
lia. What results is an accumulation of a sticky
mucous, which promotes bacterial infections and
pulmonary inflammation [5]. CF patients have a
markedly shortened lifespan, typically <40 years,
and a significantly reduced quality of life [5].
Consequently, it is no surprise that CF was one of
the earliest diseases targeted for gene therapy
(e.g., see [6, 7]). As reviewed recently by Sondhi
et al. [5], “eleven different mouse models of CF
have been developed,” by knocking out the CFTR
gene. However, most of these models have little
to no lung disease nor do they develop the spon-
taneous lung inflammation characteristic of the
human disease [5].

It is not difficult to transfer a gene into the
lungs. For example, the human CFTR gene has
been delivered directly by intratracheal instilla-
tion in many species, from mice to humans. This
method provides a straightforward way to per-
form in vivo gene therapy to the lung, using either
a viral or non-viral vector. It has been employed
both for evaluating vector-directed expression in
normal mice (e.g., [8]) and for use in “curing” a
mouse model of CF (e.g., [9]). However, as we
now know, these studies in mice had little value
in predicting the success, or in this case lack of
success, of this gene therapy approach in humans.

Larger animal models, e.g., pigs with knocked
out or mutated CFTR genes, also have been
developed [10, 11] and fortuitously exhibit lung
pathology similar to that seen in humans [12]. We
know from other studies (e.g., [13]) that fairly
efficient transfer and expression of the human
CFTR gene in porcine lung epithelial cells can be
accomplished in normal pigs using an aerosol-
ized, helper-dependent (totally defective) adeno-
viral vector. Furthermore, it’s clear that this
procedure was generally safe in pigs. However, it
is not yet clear that such gene transfer maneuver
will be effective in “curing” a pig exhibiting
CF-like disease.

While gene delivery to the airways is reason-
ably efficient in normal human lungs, via
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intratracheal administration (e.g., [14]), in a CF
lung clogged with sputum, as well as highly
inflamed and infected with bacteria, it is quite
inefficient [15]. Indeed, efforts to develop strate-
gies to remove the viscous sputum have been
modestly successful in the laboratory; however,
they have not yet been translated to useful clini-
cal applicability. Sondhi et al. [5] point out that
there are numerous challenges to achieving suc-
cessful gene therapy for CF, via the commonly
used clinical approach of intratracheal delivery
(e.g., as used in bronchoscopy), including target-
ing the correct cell population, efficient gene
expression in those cells, the normal turnover of
lung epithelial cells, the vectors available for
gene transfer, as well as the recollection that CF
affects many other organs besides the lung. Thus,
despite the existence of a huge research effort
focusing on CF gene therapy for >25 years now,
all that has been learned from these studies, and
the initial success found with mouse models, is
that the human pathology of CF and the limita-
tions of existing gene transfer vectors have pre-
cluded any level of clinical gene therapy success
for this condition [5].

7.3 SCID X1
SCID X1 is an X-linked inherited disorder in
which patients have a mutation in the vy, cytokine
receptor subunit gene. Since the y. chain is com-
mon to many different hematopoietic cytokine
receptors, e.g., interleukin-2, interleukin-4, inter-
leukin-7, interleukin-9, and interleukin-15 recep-
tors, its mutation results in a block in the
development of T lymphocytes and natural killer
(NK) cells [16]. Also, as a consequence of this
mutation, SCID X1 patients have dysfunctional
B lymphocytes. Since SCID X1 patients repre-
sent 30-40% of all SCID patients, it also is not
surprising that this single gene disorder became
an early target for developing a gene therapy
[16]. In fact, the first report of any successful
gene therapy in humans was for SCID X1 [17].
After years of preclinical studies, Cavazzana-
Calvo et al. [17] developed the methods to per-
form what is called ex vivo gene therapy. With

their approach they took T lymphocytes from two
SCID X1 patients and inserted the correct vy,
receptor subunit gene into the DNA of those cells
using a defective, and thus presumably safe,
gamma retrovirus (Moloney Murine Leukemia
Virus, MoMLYV). Afterward, they amplified the T
lymphocytes in cell culture in vitro and then
infused a large number of the genetically modi-
fied cells back into the corresponding donor
SCID X1 patients [17]. The original report in
2000 was greeted as essentially a miracle for the
two, treated patients, each of whom had failed a
bone marrow replacement therapy and, thus,
were destined to spend their greatly abbreviated
lives within the confines of an airtight bubble in a
hospital room. After the treatment, both patients
had normal levels of T, NK, and B lymphocytes,
all of which also functioned normally. The two
patients were able to leave the hospital and live
the lives of normal children, e.g., play in a park,
go to school, etc. [17].

In aggregate, this research group treated a
total of nine SCID X1 patients using the MoMLV-
mediated vy, cytokine receptor subunit gene ther-
apy strategy [18], and the therapy was successful
in eight of these children. Of note, all additional
patients, beyond the initial two, were apparently
treated within in a few years of the 2000 publica-
tion. The reason for the limited number of
patients being treated, and for the narrow time
frame when the treatment occurred, was because
in 2003 this group reported a very serious adverse
event in four of the treated patients—the develop-
ment of acute lymphoblastic leukemia [18, 19].
Three of those four patients were treated success-
fully for the leukemia, while the fourth died.
Overall, seven of the nine originally treated SCID
X1 patients, including the three surviving post-
leukemia patients, remained alive and experi-
enced a successful immune cell reconstitution
[18].

Thus, despite the significant risk of develop-
ing an acute leukemia, this gene therapy repre-
sented a reasonable treatment risk for the
children (and their parents) with SCID X1; there
literally was no other viable alternative.
However, these investigators, and many of their
colleagues around the world asked what led to
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the serious adverse events and what, if anything,
could be done to eliminate or at least minimize
the risk of their future occurrence [16]. The
resulting studies were important not just for the
SCID X1 patients but also for patients with
many other disorders, hematopoietic and non-
hematopoietic, for which an ex vivo gene ther-
apy employed the MoMLYV vector. It turned out
that with the lymphocytes of the children who
developed leukemia, the MoMLV vector had
inserted the y. cytokine receptor subunit gene
into a site in chromosome 11 within what is
called the LMO-2 gene locus. This locus codes
for the expression of a proto-oncogene and the
insertion of the foreign gene led to the aberrant
expression of LMO-2. Aberrant expression of
this gene previously was known to lead to acute
lymphoblastic leukemia [18], so the reason for
the serious adverse events became understood.
The efforts to minimize such future occurrences
led to studying retroviral integration patterns
and, subsequently, the development of much
better and safer retroviral vectors [16]. Indeed,
at the time of this writing (May 2017), the
European Union has given marketing approval
for the treatment of another SCID (based on a
deficiency of the enzyme adenosine deaminase;
[20]), which utilizes the same general ex vivo
gene therapy approach employed to treat SCID
X1 patients but using a new, much safer, genera-
tion of retroviral vector.

7.4 Irradiation-Induced Salivary

Hypofunction

As a group, head and neck cancers are the sixth
most common malignancy worldwide, with
~500,000 cases occurring each year. Most
patients are treated, at least in part, with thera-
peutic IR, which can damage normal tissues fall-
ing within the IR field, including the salivary
glands. The end result of such salivary gland
damage, for many patients, is markedly decreased
saliva output and, consequently, dysphagia, a
high risk for aspiration, increased oral infections
(e.g., candida, caries), decreased oral mucosal
wound healing, and considerable pain and dis-

comfort. These patients, not surprisingly, experi-
ence a markedly reduced quality of life [21].

While there have been great advances in meth-
ods to deliver therapeutic IR and limit normal tis-
sue damage, e.g., intensity-modulated radiation
therapy, known as IMRT [22, 23], IR-damaged
salivary glands and its sequelae still remain a sig-
nificant clinical problem. There is roughly a 65%
5-year survival rate for head and neck cancer
patients [24], which means many former patients
are alive, thankfully, but suffering from
IR-induced salivary hypofunction. Additionally,
at present advanced treatment modalities, such as
IMRT, are typically available at major medical
centers in highly developed countries, which
means many people worldwide are still treated
with conventional radiation therapy and continue
to be at risk for normal tissue damage.

In 1991, my research group began the long
process of trying to use gene transfer technology
to provide a “repair” of IR-damaged salivary
glands that in turn would lead to patients with
more saliva and improve their objective problems
and symptomatic complaints. As indicated in the
first paragraph of the Introduction, I had no back-
ground in molecular biology to support me on
this endeavor. However, thanks to the help of a
former postdoctoral mentor (Ronald G. Crystal,
e.g., see [25]), and three outstanding postdoctoral
fellows working in our group in the early days of
this project (Brian C. O’Connell, Christine
Delporte, Hideaki Kagami), we were able to
make considerable progress in applying gene
transfer to salivary glands and demonstrate proof
of concept in a rat model for the “repair” of IR
damage to salivary glands (e.g., see [26-28]).
The general strategy that we employed used a
first-generation serotype 5, adenoviral (AdS) vec-
tor to deliver the cDNA encoding human aquapo-
rin-1 (hAQP1), the archetypal water channel
protein, via the cannulated main excretory ducts
of salivary glands, a not dissimilar approach from
the intratracheal administration of gene transfer
vectors to the lung as described above. The vector
created was termed AdhAQP1 [26]. Later studies
with wonderful colleagues in my research group
(Changyu Zheng, Corinne Goldsmith) and a col-
laboration with an excellent former postdoctoral
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fellow (Songlin Wang) demonstrated the safety
of AdhAQP1 and the delivery approach used
(e.g., see [29]), as well as its extension to a large
animal model of IR-induced salivary gland dam-
age (e.g., see [30]).

A good thing about first-generation AdS vec-
tors is that they are relatively easy to create and
use, which was advantageous for a group with
minimal molecular biological and virological
experience such as ours in the 1990s. Another
good feature of these Ad5 vectors is that they lead
to high levels of functional gene transfer in the tar-
geted tissues. However, there is an important nega-
tive feature of such AdS vectors: they can elicit
potent immune responses (innate, cellular, and
humoral) after administration. Because of the lat-
ter, first-generation AdS vectors, in a wide range of
animal models and tissues, and in many clinical
studies targeting non-salivary gland tissue, yield
only transient expression of the delivered trans-
gene, typically for no more than a week or two,
with a peak response on days 2 or 3. Indeed, our
studies using Ad5 vectors, including AdhAQP1,
with salivary glands of mice, rats, miniature pigs,
and macaques demonstrated a similar, short time
course of transgene expression.

Despite the above-described shortcomings of
first-generation AdS5 vectors, based on the
results of our preclinical studies with AdhAQP1,
and after extensive toxicology and biodistribu-
tion studies [31], we developed a protocol for a
phase I/II clinical trial to test the vector in
IR-damaged parotid glands of human subjects
(http://www.clinicaltrials.gov/ct/show/
NCT00372320?0rder=). The subjects enrolled
exhibited grade 2 or 3 damage to their parotid
glands according to the criteria of the Radiation
Therapy Oncology Group [32], i.e., they had
some epithelial tissue remaining in their parotid
glands, but were not responsive to conventional
pharmacological treatment with Salagen or
Evoxac. Interestingly, because of the anticipated
short expression time from AdhAQP1 as observed
in our preclinical animal studies, the original pur-
pose of the clinical trial (http://www.clinicaltri-
als.gov/ct/show/NCT003723207order=) was
considered essentially to be a proof of concept.
We fully expected that hAQP1 gene transfer to

the IR-damaged parotid glands would lead to
increased fluid secretion for at most 2 weeks,
with a peak response on days 2 or 3. Consequently,
we thought the subjects in the trial in the event of
positive results unlikely would experience long-
term benefit (http://osp.od.nih.gov/sites/default/
files/RAC_minutes_12-05.pdf).

Eleven subjects were treated with AdhAQP1 in
this first in human clinical trial [33]. The initial
findings of that trial, through day 42 post-
AdhAQP1 delivery, identified 5 of 11 treated sub-
jects as responding positively to the gene therapy.
The positive response was defined as both
increased salivary flow from the targeted parotid
gland, as well as the improvement of two key
symptomatic benefits (a subject’s perception of
the amount of saliva, and the level of dryness, in
their mouth). Interestingly, the peak increases of
parotid salivary flow rates for all responder sub-
jects were observed at much later times than seen
in animal models, from 7-42 days after AdhAQP1
delivery. The originally approved clinical proto-
col required subjects to be followed for 360 days.
However, the protocol was amended because the
first responder subject, whose initial peak
response to gene transfer occurred on day 7,
exhibited a second, later elevation in parotid sali-
vary flow rate, on days 180 and 360, well above
his baseline. Accordingly, the original protocol
was modified to allow the evaluation of all
responders to AdhAQP1 for two additional times,
at least 1 and 2 years following their completion
of the original 360-day protocol [34].

The AdhAQP1 clinical trial was a human
study involving gene transfer to a salivary gland,
and the results were unexpected based on (1) all
previous clinical trials in humans with AdS vec-
tors in other tissues and (2) our own studies deliv-
ering AdS vectors to the salivary glands of
multiple animal models. Not only did the initial
results show peak expression times much later
than seen previously, but all five responder sub-
jects after long-term follow-up displayed sub-
stantially elevated levels of parotid saliva flow
3-4.7 years after the AdhAQP1 administration.
Furthermore, most subjects experienced relief
from two key xerostomic symptoms for at least
2 years after treatment [34].
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We think there were two key reasons for this
unusual result. First, it is widely thought that the
immune response to a first-generation AdS vector
delivery leads to complete removal of the vector
from the targeted tissue. However, we have
shown that is not the case in rat salivary glands
[35]. For example, after a dose of 10° vector par-
ticles/rat submandibular gland, 0.1% of the deliv-
ered dose was still present in gland tissue
6-12 months later [35]. Secondly, we recently
showed that the human cytomegalovirus pro-
moter used in AdhAQP1 is substantially methyl-
ated in rodent salivary glands, a modification that
inhibits its ability to function as a promoter and
lead to transgene expression. This does not occur
in human cells [36]. The combined results of both
Zheng et al. [35, 36] studies imply that the
AdhAQPI vector will be (1) present in human
parotid glands long after its administration and
(2) able to direct the expression of functional
hAQP1 [34]. Thus, the results of the AdhAQP1
clinical trial could not have been clearly pre-
dicted from preclinical animal studies, including
those with miniature pigs and nonhuman
primates.

7.5 Key Differences Between

Human and Animal Models

Aside from the obvious physical differences
between humans and the animal models used in
preclinical studies, there are some key biological
differences that doubtless influence responses to
viral vector-mediated gene transfer such as
described above. Of particular note are immuno-
logical and genetic differences. This point can be
clearly appreciated when comparing humans
with mice, since the latter are the most commonly
employed preclinical animal models of disease
treatment. However, as noted by Davis [37],
while mice have been extremely useful for devel-
oping an understanding of basic immunology,
they have been less helpful in understanding
human disease. Following that perspective, by
studying human immunology directly and not
just extrapolating from results obtained with
inbred strains of mice, Su et al. have found

numerous differences in T-memory cell mecha-
nisms [38]. Similarly, Benitez et al. have shown
key differences in the dynamics and mechanisms
for nonmemory B cells between mice and humans
[39]. Thus, it would not be surprising to find that
immunological responses to a viral or non-viral
gene transfer vector could be markedly different
when studied in mouse models from that found in
actual clinical trial subjects [40].

A comparable pattern of differences emerges
from genetic studies of mice and humans. For
example, inbred strains of laboratory mice share
most of their protein-coding genes with humans
[41]. However, as reported by Yue et al. [41], “the
Mouse ENCODE Consortium mapped transcrip-
tion, DNase I hypersensitivity, transcription fac-
tor binding, chromatin modifications and
replication domains throughout the mouse
genome in diverse cell and tissue types,” and
compared those results with data from humans.
They found considerable “divergence of
sequences involved in transcriptional regulation,
chromatin state, and higher order chromatin
organization” [41]. Many other studies lead to the
same general conclusion, i.e., that there are quite
important differences related to genetic regula-
tion between mice and humans, such as in the
patterns of gene expression seen during develop-
ment [42] or RNA expression profiles for both
coding and noncoding regions [43], which the
authors state, “likely reflects fundamental physi-
ological differences...”.

While it certainly is not surprising that differ-
ences exist between humans and mice in key
aspects of immunological and genetic regulation,
similarities in these biological processes do exist
between the species. What then becomes impor-
tant for investigators is to understand which
mechanisms are similar between humans and
mice (or any other preclinical animal disease
model) and which are different, so that preclini-
cal studies aimed at developing novel therapies
can be best designed for likely translation into
effective clinical human treatments. For example,
the work of Godec et al. [44] and Li et al. [45]
have generated data sets of genetic patterns of
immune reactivity in humans and mice for differ-
ent conditions, e.g., sepsis and inflammation, that
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show both differences and similarities. These
then can be used by investigators to target spe-
cific genes or mechanistic pathways that are best
conserved between the species and, thus, likely to
be most valuable in novel therapeutics discovery.
The same is true when looking at specific genetic
components of diseases, e.g., when trying to
develop the best animal models for use as models
of human neurological diseases [46] and human
DNA repair [47]; there are both similarities and
differences between humans and different animal
models.

Conclusion

As noted at the outset of this chapter, results
from human clinical trials often are not as
expected from the preceding preclinical animal
studies. Animal experiments are still necessary
in the process of developing new therapies.
However, there is a critical need to study
humans not only to determine if therapies
developed in animals are safe and effective but
also to appreciate physiological differences,
manifested in genetic, immunological, and
other characteristics, that will permit the devel-
opment of better therapies in the future. Human
clinical trials are experiments, and in order to
move forward, we need to understand human
biological mechanisms with as much detail as
we can possibly garner from experiments in
mice and other animal models.
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Conclusions which are merely verbal cannot bear fruit, only those do which are based on
demonstrated fact. For affirmation and talk are deceptive and treacherous. Wherefore one
must hold fast to facts in generalizations also, and occupy oneself with facts persistently,
if one is to acquire that ready and infallible habit which we call ‘the art of medicine’.

Hippocrates (c. 460—c. 370 BC)

Abstract
Many laboratory scientists are not trained in
epidemiology and are lacking the ability to
interpret the relationship of the observed
results from the laboratory bench to the out-
comes. For example, cytochrome p450 27B1
(CYP27B1) is an enzyme that converts
25-hydroxyvitamin D  (Calcifediol) to
1,25-dihydroxyvitamin D (calcitriol), the bio-
active hormonal form of Vitamin D in the kid-
ney. Several studies reported that vitamin D
insufficiency may facilitate development of
cancers. This simplistic way of thinking asserts
that lack of vitamin D will cause cancer.
However, lipopolysaccharide (LPS) or
Toll-like receptor2 increased the expression of

CYP27B1. We know that precedent infec-
tions, obesity, or both would increase LPS and
TLR2. We also know that the cause must
occur before the outcome. Therefore, what
happened earlier (infection and/or obesity)
would be the real cause and the low level of
vitamin D may be a marker for low immune
responses. Unless we compare vitamin D,
infection/obesity side by side in the same sta-
tistical models, we will never identify the real
cause. This example clearly suggests that to be
able to establish a causal relationship cor-
rectly, the bench scientists involved in transla-
tional research need to learn the basic
epidemiologic principles. Otherwise, their
conclusion might be incorrect or biased. In

this chapter, we introduce the basic epidemio-
logic concepts and techniques needed to
assess and infer causal relationships in transla-
tional research.
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8.1 Introduction
What Is Translational Research

Translational medicine (TranM), according to the
European Society for Translational Medicine
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definition, is “an interdisciplinary branch of the
biomedical field supported by three main pillars:
bench-side, bed-side and community.” The goal
of TranM is to combine disciplines, resources,
expertise, and techniques within these pillars to
promote enhancements in prevention, diagnosis,
and therapies of diseases, including oral diseases.
Our own interpretation of TranM is that “TranM
is a branch of science where what has been
learned from the laboratory bench is tested in the
clinical settings and finally is applied to the popu-
lation to reduce human diseases.” Thus, transla-
tional research (TranR) pertains to all the research
activities preceding TranM including laboratory
assays and their applications to individual
patients and the populations at large. In the appli-
cation steps, it is vital that at all steps of the prin-
ciples of epidemiology, especially the
evidence-based principles, are adhered to.

Even as early as 400 BC, Hippocrates recog-
nized the importance of precise fact-finding
methodology in medicine. To assess scientific
facts precisely, one needs to utilize appropriate
methodologies which often require accurate lab-
oratory procedures which generate reliable, con-
sistent, and reproducible data to measure
biomarkers or other pertinent molecules. While
both simple/classical and state-of-the-art tech-
nologies can meet the prerequisites of robust
result acquisition, they are both, nevertheless,
subject to the inherent need to utilize the princi-
ples of the evidence-based approach. Using elab-
orate laboratory experiments that employ
sophisticated technology does not negate the
necessity of recognizing and applying the princi-
ples of the evidence-based approach. These prin-
ciples include:
1. Development of a sound

rationale
2. Establishing a causal relationship
3. Controlling for other competing factors

(confounding)

4. Minimizing biases both in human subjects
and instruments

5. Reducing measurement errors

6. Utilizing the appropriate statistical methods

scientifically

Traditionally, not all laboratory scientists are
well-informed in these areas of evidence-based
methodology, and those who are may frequently
overlook these principles as they become weak-
ened/obscured by various competing interests.
Therefore, evidence-based principles remain crit-
ical and invaluable component of the transla-
tional research that demand within the context of
this chapter elaboration. In this chapter we will
detail the importance of an evidence-based
approach in dental TranR and highlight
some examples where these principles were
applied successfully and not so successfully.
Also, we hope to guide laboratory and bench
researchers, who, while well versed in complex
molecular pathways, are not fully aware of these
principles so that this information can be carried
and applied to the clinical setting.

For example, our own cross-sectional study
“Salivary immunoglobulins and prevalent coro-
nary artery disease” reported an association
between salivary immunoglobulin A (sIgA) and
coronary artery disease (CAD) [1]. The word
“prevalent” coronary artery disease in the title
suggests that it is a cross-sectional study where
the predictor and outcome were assessed at the
same time. Therefore, this study could not have
assessed causality. Prevalence is disease occur-
rence at one time point without the consideration
of the time when it occurred. Therefore, the dis-
ease could have occurred before the predictor
assessment. Meanwhile incidence refers to an
occurrence of new cases starting from the study
beginning when the predictor has been assessed.
Therefore incidence rate indicates a longitudinal
assessment of the relationship of predictor and
the outcome. However, longitudinal relationship
does not automatically establish causality. We
will discuss the causality establishment in detail
in the Sect. 8.3.

Although our IgA study adjusted for all pertinent
confounding, the cross-sectional study design pre-
vents the inference of causality [1]. Nevertheless,
this study is quite important in other ways. If infec-
tions are considered a causal driver of inflammation
involved in atherosclerosis, the assessment of the
infection should be done on the mucosa where
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pathogens first contact the host. Thus, IgA, a marker
of mucosal immunity, is an appropriate marker for
infection. The importance of the appropriate immu-
noglobulin usage was ignored by many renowned
investigators [2—4], but only few recognized [1, 5].
For this reason, Chlamydia pneumoniae IgA was
significantly associated with coronary heart disease
[5] while Chlamydia pneumoniae IgG was not [4].
Our study has proven that oral mucosal immunity
measured by salivary IgA was positively while sys-
temic immunity measured by salivary IgG was
inversely associated with CAD [1].

In non-causal association, the risk is usually
reported by the odds ratio (OR), while the causal-
ity study usually reports incidence rate (IR).
However, incidence rate does not always estab-
lish causality. For example, a newly published
study reported that canakinumab, an
interleukin-1f inhibitor, decreased the incidence
of lung cancers [6]. Although canakinumab low-
ered the number of new cases of lung cancer, this
does not mean inflammation inhibited by
interleukin-1f is a causal factor for lung cancer.
Because lung cancer has a long (30-50 years)
latency [7], this suggests that the true cause had
initiated pathogenic processes 30 plus years ago.
Thus, what was observed in 2 years cannot be a
causal factor, although it is possible that
canakinumab could have modified the disease
progression after the initiation of pathogenesis.
Because the cancer microenvironment creates a
low immune milieu to avoid the immune sys-
tem’s detection and destruction of cancer cells
[8]. Cancer might have been caused by other fac-
tors, but inhibiting the inflammatory process
might have decelerated lung cancer manifesta-
tion. In summary, dental and medical researchers
need to be critically aware of differentiating
between association and causality.

8.2 Development of Sound

Rationale

This criterion is of foremost importance. No mat-
ter how well other criteria are fulfilled, without a
sound rationale, the end results can be misleading

or may impose potentially serious undesirable
diversion of the health resources. This oversight
can be quite subtle, and even very experienced
scientists may fail to notice the problems in the
ill-conceived rationale at the study initiation
stage. If the study involved is a randomized clini-
cal trial (RCT), the repercussions are even
greater, because RCTs are considered the gold
standard, and it is assumed that all the confound-
ing factors will be balanced across the groups
under comparison. However, the bias resulting
from an ill-conceived rationale cannot be cor-
rected by the study design or statistical analyses.

One prime example is the Women’s Health
Initiative (WHI) group’s estrogen replacement
therapy (ERT) and cardiovascular diseases trial
[9]. Everything in this trial was done following
the principles of RCT epidemiology. However,
the investigators failed to recognize irreversible
changes that occur with age and included women
70 years or older in the study. Older women not
only have subclinical vascular changes that pre-
cede cardiovascular events but also thrombotic
tendency dramatically increases with age [10].

Thus, with additional estrogen which
increased the thrombotic activities and resulted
in the increased risk of cardiovascular disease
(CVD) seen in that study. Consequently, it is not
clear whether estrogen is the culprit or old age is
the cause for the increased risk for CVD. The
uproar following the publication of the results of
this trial forced the WHI investigators to reana-
lyze the data and published the results of post hoc
subgroup analyses including only those women
who were given estrogen immediately after
menopause. The results of post hoc analyses
showed no detrimental effects of ERT given at
the right time to appropriate cohorts and may
even have had some beneficial effects on various
inflammatory diseases [11-14]. The key point is
that age is an effect modifier in ERT, and specific
time and appropriate cohort should be
considered.

Another important example is the clinical tri-
als as well as their meta-analysis using bisphos-
phonates (BISPs) alone or with adjuvant as
chemo-/hormonal therapy in cancer patients
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which revealed inconsistencies in results regard-
ing whether BISPs have anticancer effects or not
[15-21]. In a more recent report of clinical trials,
it was found that at doses used for osteoporosis,
neither alendronate nor zoledronic acid reduced
the risk of breast cancer [22], contrary to reports
of a protective effect seen in several observa-
tional studies [18, 19]. Furthermore, data analysis
from adjuvant bisphosphonate trials showed no
effect on local recurrence or contralateral breast
cancer incidence [23]. Hence, over the several
years, many clinical trials were conducted, yet
the inconsistencies remain to date. Multiple defi-
ciencies in studies were observed:

(a) I1l-designed rationale.

(b) Lack of clear understanding of pharmaco-
kinetics of the drug.

(c) Impact of performing clinical trials with
mixed patient background such as postmeno-
pausal (ages ~50-70) and premenopausal (ages
35-50), as well as pooling those who are under-
going hormonal therapy or without hormonal
therapy.

(d) Predetermined biased attitudes of the
investigators based on the findings from animal
experiments, which showed beneficial effects
were at least ~100-fold higher than that of the
maximum possible dose for human use.

(e) Different drug dose usage in different clin-
ical trials and variations in length of time for
observations.

(f) Different analytical methods used for eval-
uation of the outcome of drug action.

Preconditions for Mendelian
Randomization

8.2.1

A currently popular longitudinal study equivalent
is using genetics to determine the subsequent risk
of disease occurrence called Mendelian random-
ization. This method was hailed as an alternative
to longitudinal study to circumvent a long fol-
low-up, confounding, and biases without con-
ducting a traditional randomized trial. Because
genes are present at birth, genes will always pre-
cede any disease that can occur later in life.
However, many studies ignored the fact that the

disease of interest must be under strong genetic
influence. One recent study reported that the gene
loci associated with obesity such as FTO, MC4R,
and TMEM 18 did not predict periodontitis [24].
In our opinion, periodontitis is influenced by epi-
genetic and lifestyle factors such as aging, smok-
ing, diabetes, and general immune dysfunction.
This study showed that genetics play a minor role
in the relationship between periodontitis and
obesity.

Only 20% of BMI can be explained by genet-
ics [25]. The underlying causes for obesity include
complex interactions between genetic traits, low
physical activity levels, excess caloric intake, and
type of diet that encourages certain microbial
growth in the gut, as well as environmental factors
such as access to affordable, healthy food, and
socioeconomic status [26]. Some twin studies
report that 60—70% of BMI can be explained by
genetics [27, 28]. However, it should be noted that
a cohort of twins cannot be considered as an inde-
pendent population, and this result should not be
applied to heterogeneous populations. Moreover,
sophisticated gene sequencing cannot overcome a
misguided study rationale. Conversely, it could be
said that epigenetics and lifestyle factors such as
smoking, physical activity, diet quality, and
caloric intake may have stronger influence in
developing high BMI or periodontitis than genet-
ics. These epigenetic factors are modifiable risk
factors, and further understanding of epigenetic
mechanisms may help prevent burgeoning BMI
and/or periodontitis.

In another study, even the leptin receptor gene
predicted only small portion of body weight in a
genetically homogeneous population [29]. If life-
style factors have stronger impacts on disease
phenotype, then the genes associated with BMI
such as FTO (rs1121980), MC4R (rs17782313),
and TMEMI18 (1rs6548238) will not show any
association with periodontitis. Consequently, null
results will not clarify whether “BMI is truly not
related to periodontitis” or “BMI to periodontitis
relationship is not strongly affected by genes” and
merely pointing an inappropriate study rationale.
One example in an inappropriate study rationale
can be found in “studying sexually transmitted
disease in nuns” for obvious reasons.
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Another early example of misguided use of
Mendelian randomization was the first report of
this kind regarding the causal role of C reactive
protein (CRP) in CVD. Two studies reported null
results discrediting CRP in causal relation to
CVD [30, 31]. Our argument is not based on the
fact that whether CRP is a cause for CVD or not.
Rather, we question the validity of examining the
genes to determine CRP’s role in CVD. CRP lev-
els change largely due to epigenetic and meta-
bolic influence such as increased BMI [32-35]
which is a modifiable CVD risk owing to an
imbalance in caloric intake and expenditure. As
was reported only 20% of BMI can be explained
by genetics [25] and CRP, which is a BMI-driven
inflammatory marker, and the gene associated
with CRP may not show any relationship to
CVD. In other words, these studies missed 80%
of CRP’s role in CVD pathogenesis.

8.3  Criteria for Causality

To reduce human disease, it is necessary to iden-
tify the factors that cause the disease and clarify
how to minimize the exposure to these causative
risk factors. In 1965, Sir Austin Bradford Hill, an
English epidemiologist, suggested a set of crite-
ria that may suggest a potential causal relation-
ship between the factors. These six criteria are:

(a) Temporality

(b) Strength

(c) Consistency

(d) Specificity

(e) Biological gradient
(f) Biologic plausibility

8.3.1 Temporal Relationship

This criterion is the most important of all criteria
for causality establishment and must always be
satisfied. In other words the cause must precede
the outcome at all time. What happens after the
disease manifestation cannot be the cause for the
disease. This seems obvious, but often the dis-
ease has long latency, and subclinical pathology

is going on for a long time, and it can be difficult
to determine whether the predictor is the cause or
the result of the disease. For example, self-
reported periodontitis recently found to be asso-
ciated with non-Hodgkin’s lymphoma in a
prospective follow-up study [36]. Non-Hodgkin’s
lymphoma (NHL) in this study included several
slow-growing lymphatic malignancies such as
chronic lymphocytic leukemia, small lympho-
cytic lymphomas, diffuse large B-cell lympho-
mas, and follicular lymphomas. Certainly, the
temporality requirement has been satisfied, i.e.,
predictor periodontitis was assessed before the
diagnosis of NHL. However, causality is not as
clear in this case because non-Hodgkin’s lym-
phoma has a long asymptomatic latency which
accompanies low immunity [37]. Thus, immune
dysfunction prior to the cancer diagnosis is quite
possible due to many immature lymphocytes
which cannot generate strong immunity crowd-
ing the circulatory system. As such, periodontitis
may be one manifestation of low immunity origi-
nating from yet to be diagnosed NHL in this case.
In fact, anemia and leukemia manifest in the peri-
odontium as periodontitis and gingivitis [38].
Therefore, reverse causation is quite possible in
the relationship of periodontitis and non-
Hodgkin’s lymphoma [39].

Due to the temporality requirement, cross-
sectional studies which assess the predictor and
the outcome at the same time cannot prove a
causal relationship. Unfortunately, in dental
research, this causality consideration is often
neglected. The caveat is that a significant
predictor-outcome relationship even in a longitu-
dinal study does not certify causality [40]. All
other confounding variables must be controlled,
and the rationale has to be sound and biologically
plausible.

8.3.2 Strength (Effect Size)

Although small effect size does not preclude cau-
sality, a large effect size is more likely to suggest
a causal relationship. For example, if smokers are
eight times (800%) more likely to have periodon-
titis than nonsmokers, then smoking may be a
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causal risk factor for periodontitis [41]. On the
contrary, if the association has only a 20%
increase in risk as in the case of having periodon-
titis and the risk of future CVD [42], it contains a
high likelihood of having a non-causal relation-
ship such as due to residual confounding, mea-
surement errors, or even chance occurrence.

8.3.3 Consistency (Reproducibility)

If different scientists at different time periods
report similar findings, this suggests the likeli-
hood of a causal relationship. However, this
assumption of reproducibility as a marker for
causality must be interpreted with caution. It is
possible that if several groups used the similar
flawed methodology, the consistency does not
support causality. Rather, it supports the theory
that flawed methods consistently generate similar
erroneous conclusions. One example refers to a
study where a questionnaire was used to assess
periodontitis and tested whether having peri-
odontitis increased the risk of CVD. They
observed no relationship (null result) [43]. A sec-
ond study used exactly the same questionnaire
and found similar null results [44]. A subsequent
meta-analysis has proven that using an imprecise
questionnaire in predictor assessment caused
underestimation of the relative risk due to non-
specific misclassification [42]. Non-specific mis-
classifications will move the results toward the
null: in other words, the contrast between the
compared groups will diminish due to the mix-up
in the categorization of the exposure.

8.3.4 Specificity

Causation is more likely if the association occurs
in a specific population and specific tissues or
organs with no other overlapping factors. One
negative example is C-reactive protein (CRP).
Minor CRP increases (2 mg/L) are observed in
about 50% of the US population [45] and associ-
ated with over 100 biological conditions includ-
ing aging and strenuous physical activites [46,
47]. Minor increases in CRP are presumed to

indicate cell stresses that may or may not be
pathologic [47]. Thus, holding CRP responsible
for one disease may be a difficult task because it
is necessary to control for over 100 other comor-
bidities or pathologies. Similarly, IL-6 is a pleio-
tropic signaling molecule involved in many
biologic actions. It plays an important role in the
immune response, hematopoiesis, inflammation,
oncogenesis, and other transcription factor
expressions. Thus, IL-6 is not specific enough to
prove its role in one disease or in one pathway.

8.3.5 Biological Gradient

This is also called dose-response. Lower level
exposures would generate less serious outcomes,
while greater exposures will bring about more
severe outcomes. Dose-response does not always
mean causality. In some disease, there may be a
distinct threshold rather than a dose-response,
and yet, the predictor may be a causal risk factor.
For example, some causal risk factors show sig-
nificant risks in the top quartile but no increased
risks in the lower levels.

8.3.6 Biological Plausibility

Many bench scientists can conjure up biological
plausibility. However, we must consider other
parallel possibilities. For example, recent theorem
that trimethylamine N-oxide (TMAO), a metabo-
lite of the gut microbiotas of choline increased the
CVD risk, generated considerable interest [48].
Several reasons prevent us from getting overly
excited about the role of TMA or TMAOQO in human
diseases. First, there are 100 trillion microbiotas
in a human body with complex interactions
involving the huge quantities and diverse range of
microbes. Thus, identifying one or several
microbes in a disease relationship is nearly impos-
sible. Second, the gut microbiome is not readily
accessible without special procedures. Many
researchers use the fecal microbiome to estimate
the alteration in gut microbiome. This is a gross
violation of the temporality requirement of cau-
sality. The fecal microbiome is at the terminal end
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of the alimentary track and does not precede gut
microbiome. Thus, the fecal microbiome cannot
be the cause for the biologic activities in the gut.
Third, many foods generate TMAO, and the
results were too non-specific. Consequently, the
biologic plausibility appears to be weak. One
recent study actually reported that TMAO analy-
ses may be biased: in stroke patients, TMAO lev-
els were lower than asymptomatic persons and
presented dysbiosis showing more opportunistic
pathogens, such as Enterobacter, Megasphaera,
Oscillibacter, and Desulfovibrio, but fewer com-
mensal or beneficial genera including Bacteroides,
Prevotella, and Faecalibacterium [49].

All these criteria may not be present, but cau-
sality is still possible or vice versa. In other
words, satisfying all six criteria does not assure
the relationship is causal nor does satisfying
some of the criteria preclude causality. However,
the foremost minimal criterion is that temporality
must be satisfied in a causal relationship. This
means the cause must occur before the outcome
in all causal relationships. But we must keep in
mind that satisfying the temporal relationship
does not ensure causality [40]. Rather, the tempo-
rality criterion is the minimum requirement, but
causality has to be evaluated in each case by care-
fully adjusting competing factors.

Another case in point deserves consideration:
a popular topic in research at present is fecal
microbiome analyses to determine the causative
microbiota for inflammatory bowel diseases
(IBD), such as Crohn’s disease or ulcerative coli-
tis. Are alterations in the fecal microbiome the
cause for inflammatory bowel disease or the con-
sequence of it? Anatomically, feces come after
the gut and cannot be the cause for the pathology
in the gut. However, many prominent scientists
analyze fecal microbiome to evaluate the cause
for IBD.

Fecal analyses suggested that fecal bacteria
that produce butyric acid are associated with
health, and human colonic butyrate producers are
predominantly Gram-positive Firmicutes but are
phylogenetically diverse. The most abundant
groups that generate butyrate are Eubacterium
rectale, Eubacterium ramulus, and Roseburia
cecicola. These bacteria were enriched in healthy

individuals [50]. However, other studies reported
that Firmicutes were increased in obesity [51—
53]. Does this mean obesity is a sign of health?
The main question is “are these bacteria bringing
health?” or “are they the results of health?”
Certainly, examining fecal microbiome could not
answer this causality question. Microbiome
diversity changes according to the diet [54].
Thus, the eventual causal factor may be the diet.
And yet, millions of health research dollars go to
fecal microbiome sequencing studies.

Here we list the inconsistencies in fecal micro-
biome sequencing studies: Backhed et al.
reported that germ-free mice were protected from
developing obesity [55]. The mechanism includes
(1) decreased absorption of glucose, (2) genera-
tion of short-chain fatty acids from the gut lumen,
(3) the associated reduction in hepatic lipogene-
sis, (4) increase in fatty acid oxidation, and (5)
decrease in deposition of triglycerides in adipo-
cytes. The same group reported after gastric
bypass surgery, the patients’ fecal microbiome
had changed independent of BMI. When these
patients’ feces were transplanted to germ-free
mice, the mice microbiome promoted less fat
deposition [56]. This indicates certain microbio-
tas may be associated with obesity, and weight
loss may be due to forced dietary changes post
gastric bypass surgery, and microbiome may be
the consequence of these dietary changes. Again,
the temporality of diet, gut microbiome change,
and obesity has to be determined to identify the
true cause for obesity. Others, however, reported
that obesity caused spontaneous endotoxemia,
i.e., elevated serum lipopolysaccharides (LPS)
level and subsequent microbiome alteration [54,
57]. Thus, diets that induced obesity appear to
initiate this cascade. These sequences of events
and jumbled cause-effect relationship in the role
of diet, obesity, microbiome, and metabolic
inflammation need to be elucidated in the future.

One other baffling example of biologic plausi-
bility in causal context is dysbiosis. Dysbiosis
can be defined “An alteration of microbial com-
munity composition from a normal healthy state.”
It has been suggested that dysbiosis may cause
periodontitis [58, 59]. However we must prove
dysbiosis precedes periodontitis to be a causal
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risk factor. So far, we have not seen a longitudinal
assessment of oral dysbiosis causing periodonti-
tis. Let us be reminded of Hippocratic comment
that “Conclusions which are merely verbal can-
not bear fruit, only those do which are based on
demonstrated fact.”

8.4  Controlling for Confounding
“Confounding” can be defined “other competing
factors” that are related to both the predictor and
the outcome. A prime example is smoking in the
relation of periodontitis to CVD.

Smoking promotes periodontitis development
via low immunity due to reduced interferon, anti-
gen presenting cells, and immunoglobulin pro-
duction [60] and is also a strong risk factor for
CVD by itself. Therefore, we must control for the
smoking effects in the relationship of periodonti-
tis to CVD. By the same token, obesity and dia-
betes also increase the risk of periodontitis, and
they themselves are directly increasing the risk of
cardiometabolic diseases. Thus, the confounding
must be controlled in the relationship of peri-
odontitis to CVD, as is illustrated in Fig. 8.1
(described by a red dotted x).

Smoking

Obesity
Diabetes

In a complex biological system such as human
physiology, the permutations of confounding fac-
tors can determine health versus disease state and
usually are enumerated with large individual
variations. Therefore, while difficult to achieve
absoluteness, there are means to reduce or elimi-
nate some of their impacts as illustrated in
Fig. 8.1 as well as use of cross-correlation
approaches to optimize the final results.

Although we previously assumed that innate
immune system is activated by invading patho-
gens only, as our knowledge expands, we now
know that obesity and diabetes endogenously
activate innate immunity and generate low-grade
inflammation [61, 62]. Pischon et al. reported
that periodontal treatment resulted in decreased
e-selectin levels. Unfortunately, this study did not
provide pretreatment characteristics of the cohort.
We have no way of knowing whether metabolic
inflammation could have biased the results.
Although it was a “self as control” study design,
metabolic inflammation would have altered the
serum inflammatory markers. Thus, it is impor-
tant to adjust some measure of metabolic inflam-
mation [63].

In recent years, the gut microbiome was pub-
licized as “a new organ” causing obesity [53].

Fig. 8.1 It has been reported that periodontitis increases
the risk of cardiometabolic diseases. It also has been
proven that smoking or obesity increases periodontitis
and that they independently contribute to cardiometabolic
diseases. Thus, smoking or obesity becomes a confound-

ing factor for periodontitis. Therefore, if we wish to estab-
lish the unbiased relationship between periodontitis and
cardiometabolic diseases, the effects of smoking or obe-
sity that coincides with periodontitis must be controlled
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Diet will provide substrate for gut microbiome
and will alter the intestinal microbial composi-
tion. Indeed, African children who eat a high
fiber diet showed a significant enrichment in
Bacteroidetes and depletion in Firmicutes
(P <0.001), with an abundance of bacteria from
the genus Prevotella and Xylanibacter. These
bacteria are known to have genes that hydrolyze
cellulose and xylan. Meanwhile, these findings
were not observed in European children [64].

It appears two opposing theories are conflated
suggesting a third factor may be involved in “diet
drives microbiome change” or ‘“microbiome
alters dietary absorption” leading to obesity. A
recent study explained that “microbes are highly
varied between individuals and fluctuate within
an individual.” [65] Furthermore, another study
reported “no simple taxonomic signature of obe-
sity in the microbiota of the human gut” [66]. In
a meta-analysis, Sze and Schloss concluded that
most of these sequencing studies are underpow-
ered and used inappropriate statistical methods,
and more importantly, they may show associa-
tions but not causality [67].

Often many dental researchers who are not
knowledgeable in the concept of confounding
combine the groups together like those who have
diabetes and periodontitis or those who smoke
and have periodontitis and claim that periodontal
treatment improved CVD or glycemic control. In
these cases, the confounding by diabetes or
smoking must be controlled meticulously, or the
results will be biased.

Another point that should be considered in
data management is when smoking is dichoto-
mized; it should never be smoking = “yes/no.”
Even though CVD risk declines with increasing
time from smoking cessation, past smokers are at
an increased risk of having CVD, and this dichot-
omy wrongly places them in the “no” category. If
one must dichotomize smoking, it should be
“ever smoke = yes/no.” In this scenario, the past
smokers and current smokers are grouped
together which is more appropriate. Alternatively,
a continuous measure of smoking exposure, such
as pack-years, can be employed to distinguish
those with little smoking exposure to those with
heavy smoking exposure.

A recent classic example of a hidden con-
founder that has misled the biomedical research
and clinical trials is the fact that at high-dose
regimens of bisphosphonates (BISPs) for cancer
patients and repeat doses over 3-5 years, the
cumulative dose on the bone reaches to high
enough level that it impacts bone osteocytes and
bone lining cells. This approach in preclinical
and clinical trials led the investigators evaluating
the cancer bone metastasis and cancer bone bur-
den to observe ~20-30% reduction. This was
interpreted in terms of BISPs having direct anti-
cancer effect. Remarkably, the impact of BISPs
on the bone which reflects degeneration of the
local bone cells and bone vitality becomes a con-
founding factor since the dead bone cannot sup-
port cancer colonization, and hence reduction in
cancer bone burden was not directly attributable
to the effect on cancer cells.

8.5 Minimizing Biases

Recently elaborate 16r RNA sequencing was
done in the subgingival crevicular fluid of patients
who have systemic lupus erythematosus (SLE)
with and without periodontitis. They observed
dysbiosis in the group with periodontitis [68].
The question still remains: “Is dysbiosis due to
periodontitis?” or “Are both dysbiosis and peri-
odontitis the phenotypes clustering immune-
suppressive treatments of SLE?” In translational
research or in any research activities, the ultimate
goal is reducing diseases. To achieve this goal,
we must decrease the exposure to causal risk fac-
tors. Therefore, it is of utmost importance to find
causal factors if we wish to lower human diseases
occurrence.

8.5.1 Simpson’s Paradox

Simpson’s paradox is defined as “the results indi-
cate the reverse of the true relationship because a
confounding factor is not considered.” A source
of bias in some translational research originates
from the lack of epidemiologic understanding
among bench scientists. Some researchers
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reported, “Obesity alters gut microbial ecology”
[51]. The same group also reported “gut microbi-
ome contributes to energy harvest from the diet
and energy storage in the host (i.e., caused obe-
sity)” [69]. These two theorems have opposing
cause-effect directions. Backhed et al. also
reported that “introduction of a gut microbiota
into adult germ-free mice caused a 57% increase
in body fat” [69].

Alternatively, many researchers reported that
diet-induced obesity alters gut microbiome [26,
57, 70-73] and this process involves toll-like
receptor activation followed by cytokine produc-
tion that is manifested in metabolic inflammation
[74-77]. Utilizing antibiotics and changing the
gut microbiome in leptin-deficient ob~/ob™ mice
suppressed metabolic endotoxemia, inflamma-
tion, and associated disorders [54]. The absence
of CD14 in the same mouse group brought simi-
lar effects to antibiotics suggesting that innate
immune sensing is involved in obesity and that
CD14 acts as a co-receptor (along with the Toll-
like receptor TLR 4 and MD-2) for the detection
of bacterial lipopolysaccharide (LPS). We must
remember that the innate immune system can be
activated by both microbial and metabolic stimuli
[61, 78-80]. Indeed, Fleissner et al. reported that
absence of intestinal microbiota does not protect
mice from diet-induced obesity [81], and another
study refuted the highly cited claim by Turnbaugh
et al. [53] that energy harvest from short-chain
fatty acids by microbiota in the gut caused obe-
sity [82]. Murphy and colleagues observed a
progressive increase in Firmicutes which was
confirmed in both HF-fed and ob/ob mice (we
interpret this as the diet and obesity altered gut
microbiome). But the changes in the microbiota
were not associated with the marker for energy
harvest [82]. At this time, it is not clear whether
an obesogenic diet causes gut microbial changes
or gut microbiome alteration caused obesity.

A potential Simpson’s paradox is possible in
the case of childhood infections or antibiotic use
causing preadolescent obesity [83, 84]. All these
studies ignored the fact that infectious inflamma-
tion can be confounded by metabolic inflamma-
tion [61, 85]. In a recent longitudinal study,
infection and antibiotic use in infancy were

reported to be causally associated with obesity in
the adolescent [86]. However, this study ignored
the main culprits of obesity, namely, obesogenic
diet, insufficient physical activities, and the resul-
tant energy imbalance [26, 61].

The mainstream thesis on the cause for obe-
sity is still the excess energy due to high caloric
intake and lack of physical activity [26]. One
study compared high and low Toll-like receptor 5
(TLRS5) gene expression and obesity. The group
with high TLRS5 gene expression was obese
because of the flagellin-producing microbiota
detected by TLRS [87]. However, a Simpson’s
paradox may have occurred because those who
have high expression of TLRS gene were fatter at
baseline (BMI = 30.6 vs 20.7, p = 0.04), much
more insulin and leptin resistant. This finding is
directly opposite to that of a highly touted animal
study in molecular science [88]. In the latter
study, Vijay-Kumar et al. reported that TLR
knockout mice developed spontaneous obesity
and metabolic syndrome [88] and the transfer of
the fecal microbiome from TLRS5-deficient mice
to wild-type germ-free mice caused obesity and
metabolic syndrome. We are not certain whether
mice and humans will have the same innate
immune response triggered by TLRS activation
or if there are some built-in biases in these stud-
ies. Clearly, more incisive review of the studies
using TLRs in animals and humans are needed.
Our opinion is that TLR activation is the result of
obesity which also caused metabolic inflamma-
tion as we and others have reported [61, 89].
Numerous studies support this thesis that TLR
activation is the result of obesity: TLRs were
activated in nonalcoholic fatty liver disease [90]
and other obesity-related cardiometabolic dis-
eases [91, 92].

In another study, the third trimester (T3) stool
of pregnant women showed the strongest signs of
inflammation and energy loss. When their fecal
microbiotas were transferred to germ-free mice,
T3 microbiota induced greater adiposity and
insulin insensitivity compared to that of first tri-
mester [93]. This study ignored the fact that preg-
nancy is an immune-tolerant state, and as the
fetus grows, inflammation increases due to more
relaxed immunity not to reject semi-allogeneic
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fetus. Thus, it is plausible that T3 stool would
display more prominent metabolic dysfunction
and inflammation.

8.5.2 Conundrum in Microbiome
Research

Lately, popular topics in research include gut
microbiome and gene sequencing. These clinical
and translational research studies hold significant
potential impact for leading to improve under-
standing and ultimate application to dental dis-
ease and cardiovascular disease. But since this is
a new area of research, it is fraught with many
deficiencies arising from inappropriate method-
ology, misconceived study rationale, and misin-
terpretation of results. Consequently there are
many conflicting reports. Beyond potential
reverse causation due to using feces to estimate
gut microbiome function, additional reasons for
this disparity exist: the high functional redun-
dancy in host-microbiome interactions, normal
individual variation in microbiome composition,
differences in study design, diet composition, the
host system between studies, and inherent limita-
tions to the resolution of rRNA-based microbial
profiling [94].

Initial evidence for obesity-altered microflora
came from an animal study that leptin-deficient
ob/ob mice displayed a decrease in Bacteroidetes
and a proportional increase in Firmicutes com-
pared with lean siblings (ob/+) given the same
diet [51]. Confounders in the relationship of gut
microbiome and obesity are diet and the genetic
lineage of the animals [71].

Some microbiome studies used germ-free
mice to prove gut microbiota cause obesity. We
question the validity of using germ-free mice and
extrapolating the results to humans. Although
infection can change metabolism, the germ-free
state in humans is unnatural, and its clinical inter-
pretability is limited. At birth, the gut of a human
newborns is sterile but by passing through the
birth canal, subsequent breast feeding, and intro-
duction of solid foods, the infant’s gut is colo-
nized with a microbial community [95]. This
colonization has multiple benefits because micro-

biome educates the developing immune system
[96] and trains it how to distinguish harmful
pathogens from harmless commensals, or part of
self, and to react accordingly [97, 98]. If this
introduction of microbiota is disturbed, some
autoimmune disease, such as Type 1 diabetes,
may occur [99]. Another benefit of having well-
colonized microbiome is breaking down indi-
gestible food components, degrading potentially
toxic food compounds like oxalate, and synthe-
sizing certain vitamins and amino acids [100].
Additionally, a more powerful driver of obesity
and metabolic syndrome is diet and physical
activity balance [26]. Diet changes gut microbi-
ome and intestinal permeability which allows
some microbiota to translocate into the blood
stream [57].

Additionally, the gut microbiome is usually
assessed in the feces and is likely to be the results
of obesity rather than the cause. For this reason,
the fecal transplant from lean persons improved
insulin sensitivity, and it is plausible because lean
donors have the normal microbial community,
which is not affected by obesity [101]. However,
it is not clear whether these changes are perma-
nent or if insulin resistance will return as soon as
the recipients resume their obesogenic diets.
Moreover, microbiome change is transient [102],
and perhaps, it is prudent to make dietary change
and increase energy expenditure by exercising
more. As we have stated in the previous section,
that fecal microbiome assessment is not appro-
priate for establishing the causal role of microbi-
ota in the gut immunity. In addition, modulating
gut microbiome by antibiotics appeared to
improve insulin signaling and glucose tolerance
by reducing circulating LPS levels and inflamma-
tory signaling in mice [103]. However, this phe-
nomenon was not duplicated in humans in a
recent randomized trial [104]. Moreover, using
antibiotic treatment to mimic germ-free state in
an attempt to prevent obesity via changing gut
microbiome in humans has some obvious prob-
lems such as the development of resistance to
antibiotics. Additional problems using antibiotics
are gut microbiome is necessary to protect the
host from invading pathogens, energy extraction,
and developing immune system [100]. Moreover,
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reduced exposure to important gut bacteria may
result in higher incidence of human allergies and
autoimmune diseases [105].

Current knowledge of the mucosa-associated
bacterial communities in the intestine and colon
is limited because the knowledge was largely
based on fecal microbiome analyses. It was
reported that the lumenal and fecal bacterial
communities were significantly different [106,
107]. It was demonstrated that the cecum con-
tained 100 times more bacteria than the terminal
ileum [108]. Admittedly, collecting colonic sam-
ples is difficult because of their viscosity and the
difficulties in ensuring adequate anaerobic condi-
tions. This proves potential sources of discrep-
ancy in aerobic fecal and anaerobic intestinal
microbiome. Only intubation and pyxigraphy can
be performed in healthy subjects, and both should
be repeated to study the stability of the flora or
the influence of various parameters on its compo-
sition [106]. Some microorganisms, such as the
methanogens, represent <0.003-0.03% in the
right colon, and the same bacteria are present at
5-12% or more of all bacteria in the feces. Strict
anaerobes analyzed using probes specific for the
Bacteroides (Bacteroides, Porphyromonas, and
Prevotella spp.) and Clostridium  groups
(Clostridium, Eubacterium, and Ruminococcus
spp.) revealed that these bacteria represented
44% of fecal bacterial rRNA and only 13% of
cecal bacterial rRNA. These differences suggest
that studying the right-sided colonic flora would
be more appropriate than studying feces for the
diseases involving the right part of the colon,
such as ileocecal Crohn’s disease [106].

Many studies report the dietary intake shaping
gut microbiome [109] as well as causing obesity
[54, 110, 111]. However, equally numerous stud-
ies report gut microbiome causing obesity inde-
pendent of dietary effects. Some studies, once
scrutinized carefully, erroneously reported gut
microbiome causes obesity although dietary fac-
tors precede alteration in gut microbiome [53, 94,
112]. Clearly, the lack of understanding of the
causality principle, namely, the temporal rela-
tionship, made them to refer an imprecise asso-
ciation as causal relationship [53, 112].
Furthermore, the gut microbiome consisting of

approximate 1000 species and their composition
can change due to antibiotics, illness, stress,
aging, bad dietary habits, and other lifestyle fac-
tors [113]. Gut microbiome evolves with the
human development from germ-free state of
newborn infants to approximating adults’ micro-
biome by the age of 1-3 years [114]. Incidental
environmental exposures play a major role in
determining the distinctive characteristics of the
microbial community [114].

A recent randomized trial utilizing
Lactobacillus rhamnosus GG has been shown to
decrease neuropsychiatric disorders later in the
childhood by stabilizing gut permeability and
restoring epithelial barrier function by tight junc-
tion control, mucin production, and antigen-
specific immunoglobulin A production [115].
The underlying pathology in many autoimmune
or allergic disorders is the increased intestinal
permeability that brings dysregulation of immune
responses as well as dysbiosis in response to
ubiquitous environmental antigens. It should be
noted that obesity causes increased intestinal per-
meability [116]. Thus, finding the very first initial
trigger may prove to be a causal factor.

8.5.3 Toll-Like Receptors
in Infection and Metabolism

Germ-free mice [55] were protected from devel-
oping obesity even with a high-fat diet while
Toll-like receptor 5 (TLRS5) knockout mice
became obese and hyperphagic [88]. These
results prompted the conjecture that infection or
the gut microbiotas may be at the root of obesity
[88]. However, in an in vitro study, subcutaneous
adipocytes cultured and exposed to saturated
fatty acids expressed increased TLR4 and MyD88
and upregulated NF-kB activity with signifi-
cantly increased secretion of IL-6 and TNF-a
[117]. This suggests fatty acids caused TLR4
expression, and not TLR4 caused fat-related
inflammation observed in obesity. This further
proves that TLR4 can be activated by metabolic
factors [61].

As we wrote in the previous section, a high-fat
diet (HFD)-fed mice expressed increased LPS in
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the serum (metabolic endotoxemia) [57] and acti-
vated TLR4. TLR4, in turn, induced enteric neu-
ronal apoptosis in a p-JNK1 dependent pathway
[118]. The authors also observed that the HFD-
fed mice had a statistically significant reduction
in Bacteroidetes (P < 0.001) and a significant
increase in Firmicutes, Bifidobacteria, and E.
coli (P < 0.001) relative to mice fed a regular
diet. When they supplemented the mice’s diet
with oligofructose (prebiotic), the level of endo-
toxemia decreased in HFD-fed mice. The
researchers interpreted prebiotics restored dysbi-
osis, but we consider that prebiotics prevented
high-fat diet induced intercellular permeability
which resulted in a lesser degree of dysbiosis.
Again, it was proven that the high-fat diets initi-
ated increased intercellular permeability, meta-
bolic endotoxemia, and gut dysbiosis and also
activated TLR4, which in turn induced intestinal
neuronal apoptosis resulting in gut motility
reduction [118]. It is important to recognize
which factor initiated the sequence of the events
and that factor should be considered as the cause.

A recent human trial largely refuted all the
animal studies reporting that gut microbial colo-
nization may cause obesity. Reijnders and col-
leagues manipulated gut microbiota by antibiotics
(7-day administration of amoxicillin, vancomy-
cin, or placebo) and observed host metabolism in
57 obese, prediabetic men. Vancomycin, but not
amoxicillin, decreased bacterial diversity but did
not affect tissue-specific insulin sensitivity,
energy/substrate  metabolism,  postprandial
hormones and metabolites, systemic inflamma-
tion, gut permeability, and adipocyte size. More
importantly, energy harvest, adipocyte size, and
whole-body insulin sensitivity were not altered at
8 weeks of follow-up, despite considerable alter-
ation in microbial composition [104]. We inter-
pret this as antibiotics, or the lack of innate
immune sensor such as TLRS may alter the gut
microbiome but may not affect metabolism or
obesity. This was also the view of an expert who
first reported diet-induced endotoxemia,
increased serum levels of LPS due to increased
intestinal permeability [119].

Germ-free mice colonized with Bacteroides
thetaiotaomicron had improved host nutrient

absorption and thus potentially increases the pos-
sibility of developing obesity [120]. However, the
multicomponent ileal/cecal flora produced no
significant change in levels of either mRNA com-
pared with germ-free controls [120]. We interpret
these results as “germ-free mice being colonized
with one or two microbes may introduce bias
because it is acting as an infection while multi-
microbial inoculation may have balancing effects
among the microbes” and produced less detri-
mental impacts.

8.6 Reducing Measurement

Errors

Traditionally, translational studies tend to have a
lesser degree of measurement error than large
epidemiologic studies. However, it is still possi-
ble that measurement errors may lead to para-
doxical results. For example, the gut microbiome
includes over 1000 microbial species [121], and
identifying a few microbes that are causally asso-
ciated with the disease of interest is truly a daunt-
ing task. This also applies to all the large-scale
proteomics studies by mass spectrometry and/or
protein arrays where definition of a biomarker for
causal or diagnosis is evaluated.

Traditional culture-dependent methods have
numerous drawbacks such as the time and money
required, difficulties in identifying the different
colonies grown in agar, the lack of sensitivity,
predilection for the most common culture condi-
tions favoring fast-growing and easy-growing
species, and ignoring those in low concentration
or requiring unusual culture conditions, such as
anaerobic conditions. Conversely, the cutting-
edge analytical method of 16S rRNA also has
several limitations: Firstly, the accuracy of iden-
tification is directly dependent on the complete-
ness of the reference database. Secondly, the
identification power is lower at the species than
higher taxonomic levels. Thirdly, many studies
use a fragment of the gene, which restricts its dis-
criminatory power even more. Fourthly, many
bacterial species have more than one copy of 16S
rRNA, and inter-copy sequence variations may
be present [121]. In addition, the presence of
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microbe in the diseased tissue does not prove that
microbe caused the disease. Some microbes have
the unusual capability of slipping through inter-
cellular spaces and are ubiquitously present in
many diseased and non-diseased tissues. Some
examples are Fusobacterium nucleatum (F.
nucleatum) and Porphyromonas gingivalis (P.
gingivalis). Whether they are innocent bystand-
ers or truly causal microbiotas has yet to be
proven. The reason for that is the majority of the
studies have some methodological flaws. For
example, oral gavage with P. gingivalis resulted
in intestinal dysbiosis in mice [122]. This study
provided a novel concept that orally ingested
microbial species can cause gut dysbiosis linking
the oral cavity to the gut microbiome. However,
to prove that P. gingivalis is unique in causing gut
dysbiosis, the control group should have been
other microbiotas, such as Salmonella,
Escherichia coli, or Staphylococcus. Using saline
as control, they had proved that ingestion of
“bacteria,” not specifically P. gingivalis, caused
dysbiosis which is not unlike food poisoning.
Additionally, ingesting P. gingivalis is not the
same as P. gingivalis present in human periodon-
titis. To be a cause for an infection, microbiota
must overcome several obstacles [123]: First,
they must outcompete the huge number of com-
mensal bacteria [124]; second, they must disrupt
epithelial barrier function [125]. In the manipula-
tion of epithelial barrier function, several mecha-
nisms have been recognized. One is via over
expression of IL-6 [126] or manipulation of the
actin cytoskeleton [127]. Here we need to be
reminded that obesity and metabolic inflamma-
tion overexpress IL-6 [128, 129] and also increase
intercellular permeability.

Another example of the use of inappropriate
control group is highly touted “Justification for
the Use of Statins in Primary Prevention: An
Intervention Trial Evaluating Rosuvastatin
(JUPITER)” trial where in a cohort who were
overweight, many of them smoked, and were
hypertensive but had not yet developed heart dis-
ease, these subjects were given rosuvastatin and
the results were compared to the control group
who took placebo. Certainly this cohort needed
to lower their body weight and decrease smoking

and hypertension by lifestyle changes. Thus the
appropriate comparison group should have been
lifestyle changes comparable to pharmaceutical
intervention. Moreover, the outcome of cardiac
events included ‘“hospitalization for unstable
angina” in the arithmetic sum of all cardiac
events. This means “hospitalization for unstable
angina” had equal weight as did myocardial
infarctions or cardiac deaths. This is clinically
inappropriate. When we look at the major cardiac
events only, the cardiac event rate in the rosuvas-
tatin group was 83/8901 and numerically 0.009
which means less than 1% had a cardiac event.
The placebo group event rate was 157/8901
which can be translated as 0.018 which is less
than 2%. And yet, the relative risk decreased
about 50% (0.009 vs 0.018) with rosuvastatin
administration. Despite the low actual number of
events involved in this cohort, now statin treat-
ment for the asymptomatic population is accepted
as a standard of care. Some minute improvement
in outcome can be manipulated to be highly sig-
nificant by increasing the sample size because the
power of a study (i.e., the probability of obtaining
a statistically significant result) is dependent on
the sample size. P-value is calculated by a Z-score
which indicates how many standard deviations
the observed value is away from the mean.

Let us review how P-value is derived. In the
standard normal curve, when a value is located
about +1.96 standard deviations away from the
mean, that value is deemed to be significant
because only 2.5% on each end (5% combined)
of standard normal curve will assume this or sim-
ilar values. (This is why we set the a-level at
0.05.) The Z-score is calculated shown in the
equation below.

_X-u

o/ \/;
X: sample mean; u: population mean or true
mean; o: standard deviation (SD); n: sample size.
As we know X, sample mean, and o, standard
deviation, come from the experiment results
which should not be changed. However, the sam-
ple size can be manipulated by recruiting a large

number of participants. If the sample size (n)
increases, the denominator becomes smaller

Z




8 Evidence-Based Approach in Translational Dental Research 95

because denominator is SD divided by the square
root of the sample size. If the denominator is
small, even minute changes in the enumerator
(the outcome) can generate a large Z-score, and
the P-value becomes significant. Thus, it is
important to realize that although the P-value is
significant, sometimes the results may not be
clinically meaningful. Inevitably, with a large
sample size, often the measurement will be done
by using questionnaires or proxies that are less
precise. Consequently, their results are often
imprecise but highly significant. Nevertheless,
journals and funding agencies tend to believe
results from studies with large sample sizes.
Hence, it is always important to ask whether sta-
tistical significance is actually clinically rele-
vant. An extension of the above concept can be
also found in the misleading conclusions of the
experimental data being different by only
10-20% between the comparators with P-value
<0.05 and hence touted as “statistically signifi-
cant”. In most cases a difference of 10-20%
between the compared groups, although it may
be statistically significant, such data or changes
are frequently not biologically significant or
relevant.

8.7 Utilizing the Appropriate

Statistical Methods

Translational research often involves small sam-
ple size because the elaborate laboratory meth-
odology requires time and money to conduct.
Also, the results are affected by the techniques
used (mass spectrometry or polymerase chain
reaction, etc.), researchers’ skills to perform the
experiment, and the animal models or species
used. In some research, using the appropriate
animal model is important. For example, in
short-chain fatty acids assessment, murine mod-
els may be of limited value, while pigs or dogs
are much better to estimate the human relation-
ship with short-chain fatty acids and gut
microbiotas.

The pervasive problems in translational stud-
ies are sample sizes are too small and using inap-
propriate statistical methods. When the sample

size is five or six in each group, we cannot expect
that these data will have a normal distribution.
However, many researchers use the z-test which
assumes that the underlying data has a normal
distribution. Also, multigroup comparisons often
use ANOVA, but the ANOVA requires that each
compared group must have a normal distribution
and each group must have the same sample size.
Even a total sample size of 32 (each group con-
sists of N = 8 in four groups), the each group
(n = 8) must be normally distributed. In addition,
for ANOVA, homogeneity of variance assump-
tion is crucial to obtaining valid statistical results.
Particularly in laboratory studies involving count
data, variance may increase exponentially with
group means, which can be problematic.
Especially, in some 16s rRNA sequencing, the
usual sample size is less than ten due to the con-
straints of cost, time, and computing ability. So,
the sample size issue has been raised with regard
to the gut microbiota research in a recent meta-
analysis, and the median classification accuracy
for predicting obesity by the gut microbiome
composition was very modest, being between
33.01% and 64.77% [67].

One of our own students conducted a four-
group comparison where how various reagents
affect microbial growth. The total sample size
was over 200, but the underlying assumption of
homogeneity of variance was violated, and sev-
eral different experimental variations were
involved such as the timing of adding reagents,
different numbers of microbes added at the begin-
ning of the experiment, and differing composi-
tion of microbes. Due to these limitations in
study design and data distribution, we could not
use parametric regression methods. Thus, we cre-
ated each subgroup reflecting on the variation in
the methodology and compared to appropriate
reference via nonparametric methods. In addition
to concerns about sample size and variance,
problems arise when the underlying distributions
under comparison are highly skewed. In most
biological data where the groups being compared
are highly skewed, it is generally more appropri-
ate to utilize nonparametric testing.

Some randomized trials select egregiously
poor reference groups to amplify the efficacy of
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their interventions. For example, if the interven-
tion is giving milk to school children and assess-
ing obesity outcome, the correct reference group
should be dr